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ABSTRACT 
 
After harvesting, wet paddy needs to be dried as soon as possible for reducing the 
moisture content to a safe level for storage and also reducing the weight and handling 
cost. The objective of this study was to verify the effects of postharvest drying 
conditions on various properties of uncooked and cooked rice. Non-waxy long-grain 
rice (Oryza sativa L.), variety Pathumthani 80 (RD31) was used as a sample. Newly 
harvested paddy was subjected to different drying conditions, i.e. hot-air drying at 40, 
65, 90 and 115 °C; and sun drying until the moisture content was reduced to lower than 
14% wet weight basis. The dried samples were taken to dehusking and polishing 
processes. After polishing process, uncooked rice samples were cooked using an electric 
rice cooker. Moisture content (MC), head rice yield (HRY), thermal properties using 
DSC, pasting properties (RVA), and microstructural characteristics of uncooked rice 
were examined. Firmness and in vitro digestibility of cooked rice were also evaluated. 
In addition, X-ray diffraction (XRD) pattern, resistant starch (RS) content, and total 
starch content (TS) were measured in both uncooked and cooked rice. The results 
revealed that drying conditions altered HRY, RS and overall firmness of cooked rice, 
and some pasting properties of rice flour. No significant variation in RS content of 
uncooked rice and surface firmness of cooked rice was observed among the samples. 
However, RS of cooked rice obtained from sun drying was significantly lower than the 
samples dried by other methods. The higher temperature during hot-air drying resulted 
in a slight increase in RS of cooked rice. Moreover, cooked rice obtained from hot air 
drying showed relatively lower hydrolysis index (HI) and estimated glycemic index 
(eGI) than that obtained from sun drying. Among samples from hot air drying treatment, 
eGI of cooked rice decreased with increasing drying temperature except for the drying 
temperature of 115 °C. Cooked rice obtained from hot air drying at 90 °C showed 
lowest eGI. The results of this study provide relevant evidence that the postharvest 
drying conditions affected various properties of uncooked and cooked rice. Moreover, 
based on the results in this study, an appropriate postharvest treatment for Pathum Thani 
80 rice should be hot-air drying at a temperature on or below 65 °C. This condition 
provides high HRY, appropriate drying time, relatively good eating quality, higher RS 
content and lower starch digestibility of cooked rice, compared with other conditions. 
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ABSTRACT (日本語) 
 
 収穫後，モミは保蔵に適した含水率まで可能な限り早く乾燥させることが必
要である．それは重量を減少させることで流通コスト削減にもつながる．本研
究の目的は，精米および米飯の品質に対する収穫後乾燥条件の影響を検証する
ことである．実験試料には長粒種のうるち米である RD31（Pathumthani 80）を
供試した．収穫直後に籾のまま異なった乾燥条件（40, 65, 90および 115℃の熱
風乾燥および天日乾燥）で湿量基準含水率が 14%以下となるよう乾燥した．乾
燥後は脱ぷ，精米した．精米後の白米の一部は電気式炊飯器で炊飯した．各条
件で乾燥処理したサンプルについて，含水率，砕米率，X 線回折，熱物性，糊
化特性，難消化性デンプン量，総デンプン量，米飯の in vitroでの消化性，米飯
の物性および白米の顕微構造を検討した．その結果，乾燥条件によって砕米率，
米飯の難消化性デンプン量および米飯粒のかたさ，およびいくつかの糊化特性
が変化した．白米の難消化性デンプン量および米飯粒表面のかたさに有意差は
見られなかった．ただし，天日乾燥された米を炊飯した米飯の難消化性デンプ
ン量は熱風乾燥の各条件下で乾燥された米の米飯より少なかった．またより高
い温度で熱風乾燥すると米飯の難消化性デンプン量は微増した．さらに熱風乾
燥で乾燥された米の米飯の加水分解指標（HI）および推定 GI 値（eGI）は，天
日乾燥したものよりも比較的小さかった．90℃で熱風乾燥された試料の米飯が
最も小さい eGI を示した．本研究の結果は収穫後の乾燥条件が生米および米飯
のいくつかの特性に影響を及ぼすことの根拠を示した．本研究の成果に基づく
と，Pathumthani 80 に対する収穫後乾燥の適切な条件は 65℃以下の通風乾燥が
適切である．この条件であれば，低い砕米率，適切な乾燥時間，比較的良好な
食味であり，難消化性デンプン量が多く糖質消化速度も低くすることが期待で
きる． 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Motivation 
Recently, it is well known that appropriate harvesting and proper postharvest handling 
are key operations in accomplishing high yield and good quality of food and agricultural 
products. In most harvesting process, agricultural products, i.e. cereals, fruits, 
vegetables, etc. are removed from the plant; however, the harvested agricultural 
materials are still respired and transpired after harvesting, leading to loss of their quality. 
Alteration of physiology creates quality decline and limits shelf-life of the fresh 
products. In addition, high moisture content after harvesting can also lead to spoilage 
and accelerate the development of mold and microbes. Thereby, postharvest drying 
should be an alternative operation in the postharvest processing of these bio-origin 
materials. Generally, the drying process can reduce the moisture content of the product 
to a level that inhibits the growth of the microorganism, enzymatic reaction and other 
deteriorative reactions.[1-5] This meant that the drying process can rapidly relieve or 
inactivate physiological, microbial, and enzymatic degradation, and consequently 
considerable extension of the shelf-life.[1, 6] Moreover, the dried product has a lower 
weight than the fresh materials and this makes them easier to handle, and thus reduce 
transportation costs.[1, 3] 
According to the principle of drying, it is a mass transfer process consisting of the 
removal of water by convective evaporation and heat is normally supplied by hot air.[2] 
Drying has been reported as the most energy-intensive unit operations in postharvest 
processing.[3, 7] Usually, several types of drying method have been used for food and 
agricultural products;[8] consequently, they can be grouped into three main categories: 
natural drying (including sun and solar drying), atmospheric drying (including cabinet, 
tunnel, fluidized bed, spray and microwave drying), and sub-atmospheric drying 
(including vacuum and freeze drying).[9] Conventional hot-air drying is the most 
commonly used commercial technique for drying food and agricultural materials[10-14], 
this technique uses hot air as the drying medium and are operated at atmospheric 
pressure under steady drying condition.[3] However, this method provides some 
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disadvantages, including poor quality of dried products, low energy efficiency and a 
long drying time.[12-14]  
Due to the complex chemical and biochemical process that can occur during the 
postharvest drying of food and agricultural materials[15, 16], the quality attributes of 
dehydrated products such as color, texture, flavor and nutritional value changes, are 
depending on drying method and process conditions.[4, 10, 11, 13, 17, 18] Moreover, 
numerous studies have been demonstrated that the loss of volatile flavor constituents 
during the drying process of various aromatic plants and vegetables depend on several 
factors such as drying method, drying condition, and biological characteristics of the 
plants.[19, 20] Therefore, the selection of the reasonable drying technology and conditions 
is important to provide the appropriate drying time, good final product quality and 
economical operation cost.[4, 9]  
Rice is one of the most important cereal crops in many countries around the world and it 
is the staple food for two-thirds of the world’s population.[21-23] Depending on the 
variety and planting method, the harvest time of rice lies between 100 and 140 days 
after sowing and harvesting should be done when grain moisture content ranges 
between 20 and 25% wet basis (w.b.). Amongst many varieties of Thai rice, 
Pathumthani 80 (or so-called RD31) is recommended for irrigation area of central 
Thailand. Several years ago, Rice Department, Ministry of Agriculture and 
Cooperatives promoted this variety to the farmers. The yield of RD31 is about 462,500 
kg/km2 with good quality of grain, resistance to some rice diseases and insect pests. The 
cooking quality of RD31 is moderately hard and intermediate stickiness and it contains 
high amylose content (27.3 - 29.8 %).[24] For this variety, the harvest time about 120 
days after sowing, harvesting can be done individually or a combine harvester to 
perform the operations simultaneously. High moisture content of grain after harvesting 
can lead to spoilage, stimulate the development of molds and reduce grain quality. 
Therefore, after harvesting, it is important to dry the grain as soon as possible for 
reducing the moisture content to a safe level for storage and also reducing the handling 
cost.[25, 26] This means that postharvest treatment is one of the important factors affected 
on rice yield and quality.[25, 27]  
Several methods have been used for drying of wet paddy; two common methods are 
natural drying and artificial drying. Even today, natural drying, i.e. sun drying of 
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agricultural products remains the most common drying method in many parts of the 
world.[28] In this method, moist rice grains are spread on a flat surface under sunlight 
(approximately 2 to 3 days) until the moisture content reaches the expected value. 
Although the energy cost for the removal of water is very low for sun drying, it is labor 
intensive, unreliable and rewetting during sudden downpour degrade the quality of the 
product.[26] While in the artificial drying, mechanical dryers are used to remove water 
from wet grains by forcing either ambient air or heated air through the grains, e.g. fixed-
bed batch dryer, recirculating batch dryer, and continuous flow dryer. The artificial 
drying is commonly used to dry grains in commercial rice milling industry. Drying is 
the most critical operation after harvesting rice crop. Thus, delays in drying, incomplete 
drying or ineffective drying will reduce rice grain quality, which includes milling, 
cooking, and amylograph pasting properties of rice.[29] Previous research has shown that 
postharvest processing, i.e. drying method and storage time have significant effects on 
aroma and milling quality of rice.[27] Drying temperature, drying time and rate of water 
removal of rough rice affected physical and physiochemical properties of milled and 
cooked rice, e.g. milling yield, color, cooking and eating quality.[25] Further, drying 
treatments affected head rice yield (HRY), cooking properties, peak viscosity[30], and 
functional properties of rice.[29] HRY is defined as the weight percentage of whole 
milled grains (grains that are at least three-quarters of their original length) with respect 
to the rough rice after complete milling process and this value normally used as a 
current standard for commercial rice milling quality.[31-33] Moreover, the effect of 
postharvest treatments on the sensory characteristics of cooked rice was also 
investigated by Meullenet et al.[34] and they explained that cooked rice quality was 
affected by rough rice wet holding, drying temperature, storage temperature, and storage 
duration. 
In general, approximately 90% of the dry matter of rice endosperm is carbohydrate and 
the majority of the carbohydrate is present as starch.[35] Starchy foods are normally 
subjected to different types of cooking treatment prior to consumption in order to 
improve its palatability and bioavailability.[36] During cooking, starch is gelatinized; 
losing its crystalline organization and then it is readily digested by enzymes.[37] Starch 
digestion is one of the significant metabolic responses following the intake of starch-
rich foods; therefore, it is essential to introduce slowly digested carbohydrates for the 
dietary management and the control of blood glucose level of metabolic disorders.[22, 38-
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41] Moreover, the consumption of large amounts of high glycemic index (GI) food can 
be lead to many health problems such as obesity, diabetes and cardiovascular disease.[37, 
42, 43] Depending on the botanical source and physical form of food, starch is digested 
and absorbed at different rates in the small intestine.[44] This meant that starch digestion 
rate and its absorption after intake of starch-rich food are a determinant of the metabolic 
response.[40, 41] Nowadays, starches that are more resistant to enzymatic digestion or 
slowly digested starches are generally considered to be essential for the dietary 
management and the control of blood glucose level of metabolic disorders.[22, 38-41] 
Starch has been classified based on the extent of digestibility into three categories, 
which are readily digestible starches (RDS), partially resistant starch (PRS) and 
indigestible starch or resistant starch (RS).[45] RS is the portion of starch that escapes 
digestion in the small intestine and fermented in the large intestine.[21, 45-48] RS provides 
various health benefits due to production of short chain fatty acids after fermentation in 
large intestine.[37, 49, 50] However, cooked rice contains a higher percentage of RDS and a 
lower percentage of RS due to the content of RS in cooked rice is always below than 
3%.[22] Therefore, high-RS rice can be used as a better choice for diabetic patients or 
health conscious persons to be consumed as the staple food in regulating glucose control. 
Many factors have been described in the literature as associated with the variability in 
starch digestibility such as protein and lipids interactions, presence of antinutrients, 
enzyme inhibitors[40], botanical source, food processing, physiochemical properties, 
particle size, amylose/amylopectin ratio, and the presence of lipid-amylose 
complexes.[51, 52] In addition, the effect of cooked rice structure on starch digestibility 
also reported by Tamura et al.[53], and it was found that the starch hydrolysis rate of 
homogenized cooked rice was larger than the intact grain cooked rice. Among various 
factors, food processing is one of the important factors affecting the rate of starch 
digestion.[54] Although there have been numerous studies describing quality changes 
after postharvest treatment of rice, investigation of the effect of postharvest drying 
treatment on generation of resistant starch and starch-related properties of rice is still 
limited. Furthermore, it is essential to understand rice starch digestibility and the factors 
that may influence its digestibility.  
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1.2 Objectives  
1) To study the impacts of postharvest drying conditions on various 
physicochemical and textural properties of uncooked and cooked rice. 
2) To evaluate the effects of postharvest drying conditions on the alteration of 
resistant starch content in uncooked and cooked rice. 
3) To investigate the effects of postharvest drying conditions on in vitro starch 
digestibility of cooked rice. 
 
1.3 Scopes  
1) This study is conducted on a non-waxy Thai rice variety. 
2) Sun drying was used as natural drying. 
3) Laboratory-scale hot-air dryer was used for artificial drying. 
4) In vitro gastro small-intestinal digestion technique was applied to study starch 
digestibility.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Drying 
Drying has been described as the process of thermally removing volatile substances 
(moisture) to produce a dried product. Drying is also a complex operation involving the 
transient transfer of heat and mass along with several rate processes, such as physical or 
chemical transformation. Recently, over 400 types of dryers have been reported whereas 
over 100 distinct types are commonly available.[55] Natural drying and artificial drying 
are two common methods applied to the drying of food and agricultural products. The 
general drying methods are as follows: 
2.1.1 Natural drying  
2.1.1.1 Sun drying 
Sun drying is a traditional drying method for reducing the moisture content by 
spreading the product under direct sunlight. It is most common drying method in 
tropical and subtropical countries, where solar radiation is convenient.[56] Solar energy 
is an important alternative source of energy because it is abundant, inexhaustible, non-
pollutant, renewable, cheap and environmental friendly.[57] The main advantages of this 
traditional drying method are low capital and operating cost, and not much expertise is 
required. However, the main disadvantages of this method are long drying time, 
limitation to control the process, weather uncertainties, high labor costs, required large 
drying area, insect infestation, mixing with dust, and other foreign materials.[56, 57] 
2.1.1.2 Solar drying 
As mentioned above, natural sun drying causes considerable quantitative losses due to 
such factors as rodents, birds, insects, dust, and rain. Therefore, solar energy collection 
devices (or solar dryers) have been developed to utilize solar energy and it has some 
advantages over sun drying when correctly designed.[58] In recent years, numerous 
attempts have been made to develop solar drying mainly for preserving agricultural and 
forest products.[59] Solar drying systems not only meet particular drying requirements 
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but also increase energy efficiency and conservation of agricultural management 
practices.[58, 59] Solar drying systems are classified primarily according to their heating 
modes and the mode in which solar energy is used. They can be categorized into two 
main groups, i.e. active solar drying systems and passive solar drying systems. Either 
active or passive solar drying systems can be further classified into three distinct sub-
classes, i.e. integral-type solar dryer, distributed-type solar dryers, and mixed-mode 
solar dryers (Figure 2.1).[60]  
 
Figure 2.1 Typical solar energy dryer designs.[60] 
2.1.2 Artificial drying  
Artificial drying is drying processes by other than natural means of sun and air 
movement. This method involves passing of heated or unheated air through the product 
to remove moisture. Artificial drying offers better control than natural drying. There are 
two main categories of artificial drying, which are atmospheric drying (e.g. cabinet, 
tunnel, fluidized bed, spray and microwave drying) and sub-atmospheric drying (e.g. 
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vacuum and freeze drying). The following are some general dryers used for the drying 
of foods and agricultural materials: 
2.1.2.1 Cabinet dryer or Tray dryer 
In conventional cabinet dryers, the product is spread out on perforated trays. Heated air 
is usually introduced under bottom tray and passes through the other trays. Therefore, 
the products on the bottom trays would receive the highest energy and could be over-
dried, while the upper trays may not receive enough energy to be dried.[61]  
2.1.2.2 Tunnel dryer 
The tunnel dryer is a modified tray dryer. The cabinet is replaced by a tunnel, which 
receives raw materials at one end and discharges the dried products at the other end. In 
the tunnel dryer to pass the materials the conveyor belts or the tray on rails are used. 
Tunnel dryers may be classified into three categories, i.e. batch, concurrent flow and 
counter-current flow drying.[62]  
2.1.2.3 Rotary dryer 
In the rotary dryer, the raw material is contained in a horizontal inclined cylinder 
through which it travels. The material is heated either by air flow through the cylinder, 
or by conduction of heat from the cylinder walls. Rotary dryers are normally used in 
chemical and pharmaceutical industry but also used to dry agricultural products.[63] 
2.1.2.4 Fluidized bed dryer 
Fluidized bed drying is normally used for the drying of wet particulate and granular 
materials that can be fluidized.[64] Generally, a product or solid is made fluid by an 
upward-moving flow of the drying medium.[65] This condition is favorable for rapid heat 
and mass transfers, which due to very rapid mixing.[66] 
2.1.2.5 Spray dryer 
Spray drying is a widely used drying technique for transforming liquid food products 
into dried power.[67] The liquid product is atomized by a rotating wheel or stationary 
nozzles, and the spray of single droplets comes immediately into contact with a flow of 
hot drying gas.[68] It is a continuous operation involving a combination of several stages, 
i.e. atomization, mixing of spray and hot gas, evaporation, and product separation.[69] 
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Depending on the starting feed material and operating conditions, the dried products 
will be a very fine powder (10–50 µm) or large size particles (2–3 mm).[70]  
2.1.2.6 Drum dryer 
Drum drying is the process used for drying out liquids from raw materials (usually in 
form of fluid, slurry, or paste) by spreading the product as a thin layer on the surface of 
a drying drum that is internally heated by steam.[68] The food remains on the drum 
surface for the greater part of the rotation, during that time the drying takes place, and 
the dried product is then scraped off. Drum drying is one of the most energy-efficient 
drying methods and is suitable for drying high-viscosity liquid foods.[68] 
2.1.2.7 Microwave dryer 
Microwave heating takes place due to alignment of dipolar nature of water molecule 
and ionic mechanism by an electromagnetic field. As water molecules vibrate at high 
amplitude, associated internal friction causes volumetric heating.[71] Microwave drying 
is based on the process that product is heated and dried by exposing it to 
electromagnetic radiation.[72, 73] The responses of water in the product to dielectric 
heating result in fast heating and drying.[74] Therefore, the microwave drying is rapid, 
more uniform, and energy efficient compared to conventional hot air drying.[75]  
2.1.2.8 Infrared dryer 
The generation of heat by infrared (IR) radiation is one of the ways to shorten drying 
time.[76] Figure 2.2 shows a schematic diagram of heat generation by conventional and 
infrared heating. The IR radiation is directly transferred from the source to product to be 
heated without the need of an intermediate.[77, 78] The product absorbs the IR spectrum 
and the energy of radiation converts into heat.[77, 79-81] However, this technique is 
especially suitable to dry thin layers of material with the large surface exposed to 
radiation. Generally, IR drying provides many advantages over conventional drying 
under similar drying conditions.[76, 79, 81] The advantages of IR drying are as follows[76, 77, 
79]:  
 Heat transfer coefficients are high. 
 The process time is short. 
 The cost of energy is low.  
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Although IR heating provides a rapid heating and drying rates, it is attractive only for 
surface heating application. The product layer close to the IR source dried more rapidly 
compared to the layer deep inside. However, this limitation could be overcome by the 
use of vibration or mixing during the drying process.[82] 
 
Figure 2.2 Schematic diagram represents mechanism of heat generation by 
conventional and infrared heating.[79]  
2.1.2.9 Vacuum dryer 
In vacuum drying, the removal of moisture from materials takes place under low 
pressure.[83, 84] [85] The product is usually placed on a heated plate, which supplies the 
heat required for evaporation of water from the material.[83] Vacuum drying provides 
many advantages over conventional atmospheric drying. The advantages of vacuum 
drying are as follows[84] [86]: 
 Vacuum drying is possible to have a higher drying rate. 
 Lower drying temperature. 
 Oxygen deficient processing environment.  
Vacuum dried products are characterized by better quality retention of nutrients and 
volatile aroma; however, the processing cost of this technique is relatively high.[87] 
2.1.2.10 Freeze dryer 
The principle of freeze drying is based on the dehydration by sublimation of a frozen 
product. The solid state of water during processing protects the primary structure and 
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the shape of the products with minimal reduction of volume.[7] This drying technique 
provides many advantages over other drying methods. However, freeze-drying has 
always been known as the most expensive process for manufacturing a dehydrated 
product.[7, 88] The characteristics of freeze-dried product are as follows[88]: 
 Dried products with porous structure. 
 Products with little or no shrinkage. 
 Superior taste retention. 
 Better rehydration properties.  
 
2.2 Rice 
Rice is a type of grass that belongs to species Oryza sativa (Asian rice) or Oryza 
glaberrima (African rice). Rice grain is the most widely consumed staple food for a 
large part of the world's human population, especially in Asia. According to FAOSTAT 
data, rice production is the third-largest agricultural production in the world, after 
sugarcane and maize. Since maize crops are grown for other purposes than human 
consumption, rice is one of the most important cereal grains to human nutrition.[89] 
 
Figure 2.3 A detailed structure of the rice grain.[90] 
2.2.1 Structure of rice grain 
Figure 2.3 shows a detailed structure of the rice grain. The rice grain (rough rice or 
paddy) consists of an outer protective covering, the hull (16 to 28% dry mass basis) and 
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the rice caryopsis. After removing the hull, the rice caryopsis consists of pericarp (1 to 
2%), aleurone plus seed coat and nucellus (4 to 6%), embryo (~2 to 3%) and starchy 
endosperm (89 to 94%).[90] 
2.2.2 Composition of rice grain 
Rice is a relatively good source of starch, protein, lipid, calcium, iron, thiamin, folate, 
and vitamin E. However, the chemical composition of rice grains varies widely, 
depending on the growing condition, soil and rice variety.[90] The major composition of 
rice is starch, which makes up about 70% of the whole grain. Especially, in the rice 
endosperm, the starch content ranges from 87.2 to 93.5%. The summary of the chemical 
composition of rice endosperm obtained from a different variety and growing area is 
shown in Table 2.1.[91]  
Table 2.1 Summary of chemical composition of rice endosperm (dry basis).[91] 
Location and Variety Ash (%) Nitrogen (%) Lipids (%) Starch (%) 
Stuttgart, Ark. 
Crowley, La. 
Beaumont, Tex. 
Caloro 
Blue Rose 
Early Prolific 
Zenith 
Fortuna 
Prelude 
Magnolia 
Bluebonnet 
High (individual) 
Low (individual) 
Mean 
Standard deviation 
0.47 
0.46 
0.50 
0.48 
0.48 
0.46 
0.47 
0.50 
0.45 
0.48 
0.49 
0.61 
0.36 
0.48 
± 0.06 
1.20 
1.26 
1.41 
1.28 
1.34 
1.21 
1.25 
1.29 
1.31 
1.36 
1.30 
1.60 
0.96 
1.29 
± 0.15 
0.48 
0.56 
0.59 
0.53 
0.55 
0.52 
0.60 
0.56 
0.41 
0.58 
0.61 
0.95 
0.26 
0.54 
± 0.15 
91.0 
90.4 
89.3 
90.1 
89.6 
90.8 
90.3 
89.9 
90.7 
90.1 
90.4 
93.5 
87.2 
90.2 
± 1.34 
 
2.3 Studies on postharvest drying of rough rice 
Drying is an energy-intensive process which significantly affects the quality of milled 
rice.[92] A suitable drying can prolong the storage life and relieves deterioration of the 
product.[93] However, quality of rice grain may deteriorate during drying due to 
overheating at high temperature and rapid moisture loss.[25] Therefore, the postharvest 
drying of rice often considered includes drying methods and drying temperature.[94] 
Various research studies have been conducted to investigate the conditions for the 
drying of paddy as well as the quality of the final product. These studies cover a wide 
range of topics such as the type of dryer, operating conditions, pre- and post-treatments, 
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and drying rates. The following are several previous studies relevant to the study in the 
postharvest drying of rice.  
2.3.1 Crack and fissure formation during paddy drying 
During postharvest drying process, moisture and temperature gradients created inside 
the kernel induce stress that can cause the kernel to fissure.[31, 33, 95] Fissured kernels 
usually break during the milling process and reduce head rice yield (HRY).[31, 95, 96] 
HRY is defined as the mass of head rice by the original mass of rough rice[31] and this 
value is used as the current standard for commercial rice milling quality.[31, 96] Fissured 
kernels are not only sensible to breakage during the milling process, they also 
influences on the functional properties of milled rice.[33] Generally, there are two 
different types of rice fissures (Figure 2.4); one is surface cracks, and the other is a large 
internal fissure that usually found to be perpendicular to the long axis of rice grain.[97] 
Normally, rice kernel with two or three cross-sectional fissures will lose its commercial 
price.[31, 95] In addition, the value of broken grain is typically worth half the value of 
whole grain as the cooking quality of broken rice is very poor.[31, 95, 96] Severe drying 
conditions have potential to increase the amount of fissured kernels after the drying 
process. This means that higher drying temperature results in the higher percentage of 
fissured kernel.[95] However, several authors have been reported that proper tempering 
using high temperatures be able to decrease the amount of fissured kernel from severe 
drying conditions.[31, 95]  
 
Figure 2.4 Characterization of different types of rice fissures.[31] 
2.3.2 Intermittent tempering drying 
Intermittent tempering drying is non-continuous drying processes with tempering 
periods. During drying, moisture and temperature gradients often created inside the rice 
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kernel.[95, 98] These gradients induce stresses that can cause fissuring within rice kernels 
when the failure strength of the kernel is exceeded. However, tempering process allows 
the transfer of moisture from the center to the surface of the kernel. This decreases the 
moisture gradients inside the kernel imposed during the previous drying stage.[93, 98] 
Dong et al.[95] reported that drying and tempering durations had significant influences 
on the moisture gradient in kernels and rice fissuring. The ratio of fissured kernels 
increased with increasing drying time and decreasing tempering time. The study by 
Aquerreta et al.[99] indicated that post-drying tempering at high temperature (~60 °C) 
resulted in greater moisture removals and lower drying time. The drying in two or three 
steps showed a lower percentage of fissured kernels when compared with one step 
drying. Moreover, tempering at high temperature reduced the percentage of fissured 
kernels and enhanced HRY. Cnossen et al.[31] determined the effect of drying and 
tempering treatments on rice kernel fissuring, and found that the percentage of fissured 
kernels decreased with increasing tempering duration. They also concluded that the 
tempering duration required for preventing kernel fissuring might be longer than the 
tempering duration required for maintaining a high HRY. 
2.3.3 Effects of postharvest drying methods on rice quality 
Numerous studies have been investigated the effects of paddy drying method on the 
quality of rice.  Wongpornchai et al.[94] investigated the effects of drying methods and 
storage time on the aroma and milling quality of rice. Their results indicated that drying 
method and storage time had significant effects on the aroma and milling quality of the 
aromatic rice. Among the six different drying methods, the methods that employed 
lower temperature appeared to provide higher concentrations of the key aroma 
compound, and lower amounts of the off-flavor compounds. In addition, the following 
are various studies relevant to the study in the postharvest drying method of rice. 
2.3.3.1 Fixed bed drying 
Bonazzil et al.[97] suggested that the drying temperature alone cannot explain the quality 
degradation of paddy during fixed bed drying. They found that the percentage of broken 
kernels increased very rapidly with the evaporating capacity of the drying air. Tohidi et 
al.[89] observed that increasing drying air temperature (from 40 to 80 °C) and air velocity 
(from 0.5 to 1.1 m/s) increased drying rate. They also reported that amount of fissured 
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kernels was found to be related to the drying rate; where higher the drying rates resulted 
in an increased number of fissured kernels. Iguaz et al.[96] also reported that the 
percentage of fissured kernels increased as increasing levels of drying temperature (at 
temperature ranging from 53 to 80 °C) and evaporating capacity of the drying air. 
Moreover, the tempering process (both intermediate and final) reduced the number of 
fissured kernels and increased HRY. 
2.3.3.2 Fluidized bed drying 
Jaiboon et al.[100] investigated the effect of high-temperature  fluidized bed drying (at 
temperature ranging from 90 to 150 °C) on various properties and starch digestibility of 
waxy rice, and found that gelatinization of waxy rice starch was observed at higher 
drying temperatures. The increase in the degree of starch gelatinization affected cooking 
properties, starch digestion, and viscoelastic properties. Jaiboon et al.[101] further 
reported that fluidized bed drying (at 90, 110, and 130 °C) of waxy rice at higher 
temperatures  led to only a small drop in the HRY, whereas the color of rice after drying 
was slightly darker and had pale yellow. Moreover, the translucent kernels were 
observed when drying at 130 °C and the percentage of translucent kernels increased 
after tempering process. Tuyen et al.[102] indicated that the tempering step significantly 
reduced the amount of fissured rice kernel and improved the HRY after high-
temperature fluidized bed drying (at 80 and 90 °C). Moreover, the HRY of fluidized bed 
dried sample was higher than that dried with fixed bed dryers. Soponronnarit et al.[103] 
suggested that fluidized bed drying (at 140 °C and 150 °C) followed by tempering and 
ambient air ventilation could reduce the moisture content of the paddy from 33% to 
16.5% dry basis (d.b.) with acceptable quality.  
2.3.3.3 Infrared (IR) drying 
Das et al.[82] found that the drying rate of paddy dried with vibration-assisted IR dryer 
was found to be dependent on both radiation intensity and grain bed depth. Pan et al.[104] 
studied the feasibility of simultaneous rough rice drying and disinfestations by infrared 
radiation heating. They suggested that simultaneous drying and disinfestation with high 
rice milling quality can be achieved using a catalytic IR emitter to heat rough rice to 
60 °C, followed by tempering and slow cooling. Wang et al.[80] found that high heating 
rate, drying efficiency and milling quality for rough rice can be achieved by using IR 
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heating followed by tempering treatment and natural cooling under one- and two-pass 
drying processes. Moreover, IR heating did not generate adverse effects on milling 
quality of rough rice.  
2.3.3.4 Superheated steam (SHS) drying 
Srisang et al.[105] indicated that superheated steam (SHS) drying could reduce the 
number of fissured germinated brown rice (GBR) kernels, compared with hot air (HA) 
drying. However, the SHS drying treatment caused agglomeration of the kernels as 
opposed to HA drying treatment. Moreover, a faster digestion (higher GI value) of rice 
starch obtained from SHS drying was observed. Rumruaytum et al.[106] evaluated the 
effect of fluidization drying technique combined with SHS on physicochemical 
properties and antioxidant properties of rice. They found that high-temperature drying 
(170 °C) of paddy can change physicochemical and antioxidant properties of the rice. 
The longer time of SHS drying also resulted in changes of physicochemical and 
antioxidant properties of the rice.  
2.3.3.5 Microwave (MW) drying 
Olatunde et al.[71] assessed the feasibility of using an industrial-type MW heating system 
operated at 915 MHz to achieve one-pass rough rice drying in a continuous operation. 
Their results indicated that MW drying with the specific energy ranging between 450 
and 750 kJ/kg rough rice (for rice bed thicknesses of 0.01 and 0.05 m) provided uniform 
drying. However, increasing rice bed thickness and specific energy reduced HRY, 
increased final viscosity of milled rice, whereas slightly affected rice peak viscosity and 
surface lipid and protein contents. 
2.3.4 Limitation of the use of new drying technique for paddy drying 
Although new drying methods such as combined MW or IR−hot air drying, fluidized 
bed drying, SHS drying and spouted bed drying have been reported as energy and 
quality efficient drying method for paddy, their use in industrial scales are still limited. 
Nowadays, the most common drying method for paddy is fixed bed dryer.[89] [107]  
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2.4 Starch 
Starches are polysaccharides that composed of monosaccharaides or sugar (glucose) 
molecules linked together with α-D-(1-4) and/or α-D-(1-6) linkages. The starch consists 
of two main structural components, i.e. amylose and amylopectin.[46] Native starch 
granules contain 98-99% of amylose and amylopectin. The starch granules also contain 
small amounts of lipids, minerals, and phosphorus in the form of phosphates esterified 
to glucose hydroxyls. Molecular weight of amylose is approximately 105 to 106, 
corresponding to a degree of polymerization (DP) of 1,000 to 10,000 glucose units. 
However, amylose is much larger polymer, with molecular weight about 108 and the DP 
may more than one million.[108]  
      
Figure 2.5 Three-dimensional representation of amylopectin crystalline structures. 
Cross-section of the A-type lattice of parallel glucan double helices (A), the position of 
water molecules are displayed as orange spheres; cross section of the B-type lattice of 
parallel glucan double helices (B), water molecules are displayed in blue.[109] 
2.4.1 Classification of starch 
There are many ways to classify native starches; Sajilata et al.[46] have been proposed 
the classification of native starches as follows: 
2.4.1.1 Based on X-ray diffraction pattern 
According to the X-ray diffraction pattern, plant starches are generally classified in to 
three types, i.e. type A, type B, and type C. Three-dimensional structures involving 
parallel double helices have been published for both the A and B patterns (Figure 2.5). 
Type C is a mixed form of both type A and type B and it does not define a structure of 
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its own.[109] Moreover, an additional form, called type V, occurs in swollen granules.[46] 
A-type starches are usually found in cereal endosperms, whereas B- and C-types 
starches are commonly observed in tubers and pea embryos.[109] X-ray diffraction 
diagrams of different types of starches are shown in Figure 2.6. 
 
Figure 2.6 X-ray diffraction patterns of starches: type A (cereal), type B (legumes) and 
type V (swollen starch, Va: water-free, Vh: hydrated).[109] 
2.4.1.2 Based on the action of digestive enzymes 
Starches can be classified according to their behavior when incubated with enzymes 
without prior exposure to dispersing agents as follows[46]: 
A) Rapidly digestible starch (RDS) 
Starchy foods cooked with moist heat normally contain a high amount of rapidly 
digestible starch (RDS). This kind of starches is potentially converted to the constituent 
glucose molecules in 20 minutes of enzymatic digestion. 
B) Slowly digestible starch (SDS) 
Slowly digestible starch (SDS) is completely digested in the small intestine; however, it 
is digested more slowly. This kind of starches is potentially converted to glucose after 
100 minutes of enzymatic digestion. 
C) Resistant starch (RS) 
Resistant starch (RS) is defined as starch, which escapes digestion in the small intestine. 
It is determined as the difference between total starches (TS) and sum of RDS and SDS 
as the following equation: 
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𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑅𝑅 − (𝑅𝑅𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑅𝑅𝑅𝑅) 
RS is further subdivided into four groups, namely RS1, RS2, RS3, and RS4. These are 
also called as resistant starch type I, II, III and IV.[46, 110] 
 RS1 represents enzyme inaccessible starch resulting from the rigidity of physical 
structures such as partly milled grains and seeds, and in some very dense types 
of processed starchy foods. 
 RS2 represents starch that is in a certain granular form and resistant to enzymatic 
digestion such as starch granules in raw foods. 
 RS3 represents retrograded amylose formed during the cooling of gelatinized 
starch such as cooled cooked potato, breads, and cornflakes. This kind of RS is 
reported as the most resistant starch fraction.  
 RS4 represents modified starches that obtained by various types of chemical 
treatments. 
2.4.2 Starch digestion in humans 
Figure 2.7 shows the summary of the major organs that associate in the digestion of 
foods and the relevant enzymes secreted. Salivary glands produce saliva, which is 
composed of several enzymes including α-amylase, glycosidase, glucose oxidase, 
lactate dehydrogenase and β-glucuronidase. These enzymes initiate carbohydrate 
digestions that break down starch into maltose and glucose. Therefore, food is 
masticated and partially hydrolyzed in the mouth and then passes through the pharynx. 
Next, the bolus (a mass of chewed and moistened food) passes through the esophagus 
and into the stomach. In the stomach, food is mixed with pepsin, gastric lipase, and HCl. 
Although there is no significant starch digestion takes place in the stomach, the 
contraction force of stomach muscles reduces the size of the foods. Food that is passed 
into the small intestine is called “chyme” and it is then mixed with bicarbonates and 
mucin secreted by the Brunner’s glands of the small intestine. The small intestine is a 
coiled tube over 3 m long. In the duodenum, a chyme is blended with bile secreted by 
the gallbladder, pancreatic α-amylase, and amylolytic and other enzymes, e.g. 
enterokinase, sucrose, maltase and lactase secreted by the epithelial cells of the small 
intestine. These enzymes are responsible for the hydrolysis of carbohydrates into 
monosaccharides. The absorption process also occurs in the small intestine, sugars go 
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into the bloodstream via capillaries in intestinal villi (Figure 2.8).[110] The capability of 
starch to be transferred into glucose can be indicated by the glycemic index (GI). 
Starchy foods that break down quickly during the digestion and release glucose into the 
bloodstream tend to have a high GI value (~70 or higher). This is an undesirable aspect 
for the consumer who suffered with a risk of type 2 diabetes.[105] Starch that is not 
hydrolyzed into absorbable molecules and has escape intestinal digestion, moves into 
the colon and undergoes bacterial fermentation. The resulting short chain fatty acids are 
absorbed in the colon. Approximately 80 to 90% of the RS that passes into the human 
colon is fermented and the remainder is released with the feces.[110] 
 
Figure 2.7 Enzymes secreted by major organs participating in the digestion of foods in 
humans.  
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The digestive system, an extension of the environment into the body, also secretes 
mucus, acid, bicarbonate and salts to facilitate hydrolysis of foods and absorption of 
nutrients essential for life.[110] 
 
Figure 2.8 Structure and details of the small intestine where the final digestion and 
absorption occur (Image from https://www2.estrellamountain.edu). 
2.4.3 Effects of drying on starch properties 
Malumba et al.[111] indicated that high temperatures employed during the drying of corn 
reduced swelling capacities, water binding capacities, and water solubility index after 
gelatinization of starch granules. These changes also affected their pasting 
characteristics, their flow behavior and several textural parameters of gel formed from 
the wet-milled starch granule after gelatinization. Correia and Beirão-da-Costa[112] 
found that amylose content, RS content and visco-amylographic properties of chestnut 
flours were affected by drying temperature. Amylograms of chestnut dried at 60 °C 
showed higher peak viscosity when compared to those dried at 40, 50, and 70 °C. 
Malumba et al.[113] indicated that high temperatures employed during both corn drying 
and heat-moisture treatment reduced the swelling capacity of starch granules and 
increased the gelatinization temperatures. Moreover, Jaisut et al.[114] reported that the 
glycemic index of brown rice decreased from high level to low-medium level after 
drying in a fluidized bed dryer and the drying temperature showed a more significant 
effect on the glycemic index (GI) than the tempering time. 
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CHAPTER 3 
METHODOLOGY 
 
3.1 Materials and sample preparations 
3.1.1 Materials 
Thailand has been the world’s largest rice exporter for more than a decade.[115] Chao 
Phraya River Basin (CPRB), central Thailand is an intensively cultivated alluvial area 
and the hub of rice production.[116, 117] Rice become the main crop of agricultural 
cultivation in this area due to the high productivity of the land and irrigation 
systems.[116] Amongst many varieties of Thai rice, Pathumthani 80 (or so-called RD31) 
is one of high quality rice[118] and it is recommended for irrigation areas of central 
Thailand. Several year ago, the Rice Department, Ministry of Agriculture and 
Cooperatives, promoted this variety to farmers. RD31 is a photoperiod insensitive, 
compact tillering, strong culm and high yielding variety. The plant height is 117 cm and 
its maturity is 111-118 days after sowing. The yield of RD31 is about 4,656 kg/ha when 
transplanting method is applied. Its brown rice is the white color with 7.39 mm in length 
and slender in shape. RD31 has more uniform grain quality compared to SPR1, which is 
the favorite high-yield variety. RD31 is resistant to white-backed plant hopper and 
moderately resistant to brown plant hopper, bacterial leaf blight, brown spot, and dirty 
panicle.[24] Therefore, in this study, a non-waxy long-grain Thai rice (Oryza sativa L.), 
variety Pathumthani 80 (RD31) was used as a sample.  
Newly harvested paddy, with a moisture content of approximately 25% (w.b.), was 
collected from Sing Buri Province, central Thailand. It was harvested by a combine 
harvester in January 2015. Paddy was then cleaned to remove foreign materials and 
stored at 4 °C in a refrigerator for later use. 
3.1.2 Drying methods 
Thailand is a typical tropical country, with a great deal of sunlight. Therefore, the 
country contains abundant solar power source from the sun. Generally, the most 
common means of drying agricultural products in the tropical countries is sun drying. 
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Even today, sun drying of rice remains the most common drying method in Thailand. 
Paddy was usually dried from ~20% moisture to ~13% moisture in 1 to 3 days, 
depending on the moisture content and the weather conditions. On the other hand, 
artificial drying using heated air as drying medium is commonly used to dry grains in 
the commercial rice milling industry. In this system, mechanical dryers are used to 
remove water from wet grains by forcing either ambient air or heated-air through the 
grain bulk. Therefore, comparison of these two common drying methods was carried 
out in this study. Prior to drying, wet paddy was taken out from a refrigerator and kept 
at room temperature until its temperature was close to the ambient temperature. The 
mass of the paddy about 12.5 kg was experimentally subjected to different drying 
conditions: in a hot-air dryer (electric convection dryer; Kluay Nam Thai, Bangkok, 
Thailand) at the temperatures of 40, 65, 90 and 115 °C; and by sun drying (temperatures 
varied from 20 to 32 °C and relative humidity was in the range of 37-75%) until the 
moisture content was reduced to lower than 14% (w.b.), according to Thai agricultural 
standard (TAS 4004-2012). After drying, the dried samples were then immediately 
tempered; i.e. dried samples were packed as whole grains in a plastic bag and sealed to 
prevent moisture loss and kept in a polystyrene box overnight in order to keep the same 
temperature as the drying treatments and therefore, reduce stress created during the 
drying process. After drying, dried rice samples were stored for one week at room 
temperature. Finally, samples were taken to a dehusking and polishing process. 
3.1.3 Rice cooking 
In this study, experimental rice cooking was performed following the method as 
originally described by Tamura et al.[119] with some modification. Forty grams of 
uncooked rice was placed in a 200 ml beaker with 60 ml of distilled water. The sample 
was kept at 30 °C for 30 min using a temperature-controllable water bath. The beaker 
containing the sample was placed in an electric rice cooker (TK-RC12; Eupa, Tokyo, 
Japan), with 250 ml of distilled water poured around the beaker. The rice sample was 
cooked for approximately 35 min and then kept in the cooker for more 10 min. The 
temperature regime of the cooker (as indicated by the changes of water temperature 
during cooking) is shown in Figure 3.1. The cooked rice was removed and wrapped 
with plastic film in order to prevent moisture gain or loss. After that, the sample was 
kept in a water bath at 30 °C for 30 min prior to further analysis.  
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Figure 3.1: Changes in water temperature during cooking process. From Tamura et 
al.[120] ©Wiley Periodical, Inc. (2014); reproduced with permission from Wiley 
Periodicals, Inc. 
3.2 Analysis methods for uncooked and cooked rice samples 
For measuring the effects of postharvest drying conditions on milling, textural, pasting 
and digestive properties of the rice samples, the appropriated assays were carried out. 
The analysis methods of all uncooked and cooked rice samples are thoroughly 
explained in Chapter 4, Chapter 5, and Chapter 6.  
3.3 Statistical analysis 
All data are presented as mean ± SD. The statistical analysis and analysis of variance 
(ANOVA) were performed and the difference among samples was determined by 
Tukey’s test at a significance level of P < 0.05 using Minitab 16 (Minitab Inc., 2010). 
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CHAPTER 4  
EFFECTS OF POSTHARVEST DRYING CONDITIONS ON 
PHYSICOCHEMICAL AND TEXTURAL PROPERTIES OF 
UNCOOKED AND COOKED RICE 
 
4.1 Introduction 
In this study, the five postharvest drying conditions were applied for fresh paddy and 
these drying processes may affect the quality of rice. The aim of this chapter was to 
evaluate the effects of postharvest drying conditions on physical and physicochemical 
properties of uncooked and cooked rice samples. Thus, several properties of the rice 
samples such as moisture content, head rice yield, microscopy image, X-ray diffraction 
pattern, thermal properties, firmness, and pasting property were measured.  
4.2 Analysis methods 
4.2.1 Moisture content 
For paddy, the moisture content (MC) of a sample was analyzed using the standard 
AOAC method[121]. Rice sample was dried at 135 °C for 24 h in a hot-air dryer (WFD-
400; Eyela, Tokyo, Japan). The MC was reported as a percentage of the difference in 
weight before and after drying. For cooked rice, the MC of cooked rice was calculated 
using standard AOAC method, cooked rice samples were dried at 105 °C for 24 h in a 
hot air dryer (WFD-400; Eyela, Tokyo, Japan) and the moisture content was calculated 
as the difference in weight before and after drying. 
4.2.2 Head rice yield (HRY) 
After drying, rice samples were dehusked and polished using a locally commercial 
miller; whole and broken grains were separated automatically. Each of these fractions 
was weighed and expressed as a percentage of the original rough rice. HRY was thus 
estimated using the following equation[32, 114]:  HRY = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀HR
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀RR
× 100%     
26 
 
where MassHR is the mass of head rice (all kernels that are at least three-quarters of the 
original length after milling), and MassRR is the mass of rough rice (all kernels in the 
sample before milling process). 
4.2.3 Microscopy 
The outer surface on the lateral side and the fissure of uncooked rice kernels were 
observed using a fluorescent stereomicroscope (MZ-FLIII; Leica, Heerbrugg, 
Switzerland) mounted with a digital camera (DS-5M; Nikon, Tokyo, Japan). 
4.2.4 X-ray diffraction (XRD) pattern 
Rice samples were milled using sanitary crusher (SC-01; Sansho industry Co., Ltd., 
Osaka, Japan), and were cooled using liquid nitrogen to prevent heat generation during 
the grinding process. The rice flour was then passed through a 250 µm sieve. These rice 
flour samples were also used for thermal analysis. The XRD patterns of the rice flour 
samples were measured using a powder X-ray diffractometer (MiniFlex600; Rigaku Co. 
Ltd., Tokyo, Japan) with Cu Kα radiation at 40 kV and 15 mA. The diffractograms were 
scanned between 5° and 40° in 2θ at the rate of 4°/min. Relative crystallinity of the 
sample was calculated by the ratio of the crystalline peak areas to the total diffractogram 
area.[39]  
4.2.5 Thermal analysis (DSC) 
The thermal properties of rice flour obtained from paddy treated with different 
postharvest drying conditions were determined using a differential scanning calorimeter 
(DSC, DSC-8000, PerkinElmer, Inc., USA). Uncooked rice samples were ground using 
grinding mill (NM-200; Nakasa, Osaka, Japan) and passed through 500 µm sieves. Rice 
flour (3.0 mg) was mixed with 10 µl of distilled water and hermetically sealed in 
stainless-steel pans. After equilibrating for 12 h at room temperature, samples were 
scanned at a heating rate of 10 °C/min from 30 to 160 °C and an empty pan was used as 
a reference. The major parameters of the DSC profiles, i.e. onset temperature (To), peak 
temperature (Tp), completion temperature (Tc), and transition enthalpy (ΔH) were 
recorded.  
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4.2.6 Pasting properties of rice flour 
The rice flour samples (the preparation method is the same as that described in section 
4.2.5) were transferred to a wide-mouthed glass jar and kept in a refrigerator prior to 
analysis. Pasting properties of rice flours were measured using a Rapid Visco Analyzer 
(RVA 4500, Perten Instruments, Sweden). A sample of 3.3 g of rice flour (14% 
moisture basis) and 25.2 g distilled water were added into the canister. A stirring paddle 
was placed into the canister and any sample lumps were mixed and pushed down. For 
the dispersion step (first 10 sec), the stirring paddle speed was 960 rpm, after that the 
speed was reduced to 160 rpm at the rest of measurement. The slurry was heated to 
50 °C and held at this temperature for 1.0 min, and then heated to 95 °C over 4.7 min 
and held at 95 °C for 7.2 min, and finally cooled to 50 °C over 11.0 min. The total 
measurement time was 13 min. The viscosity of the sample was graphed automatically 
on the monitor. The pasting temperature (temperature at which viscosity start 
increasing), peak viscosity (maximum viscosity during heating), trough viscosity 
(minimum viscosity after peak), breakdown viscosity (peak viscosity – trough viscosity), 
final viscosity (viscosity at the end of testing), setback viscosity (final viscosity – trough 
viscosity) and peak time (time at which peak viscosity occurred) were calculated from 
the pasting curve, using Thermocline for Windows (TCW) (Newport Scientific Pty. Ltd., 
Warriewood, Australia). 
4.2.7 Firmness of cooked rice  
The firmness of cooked rice was measured using the method of Tamura et al.[119] A 
force required to compress an individual grain of cooked rice by a Creep Meter (RE2-
33005B(XZ); Yamaden, Tokyo, Japan) was used to conduct compression tests. A single 
grain was placed on a baseplate and a 30 mm diameter planar plunger probe was then 
applied. The probe speed during compression was 1 mm/s. An overall firmness which is 
a force at 90% compression and surface firmness which is a force at 25% compression 
defined by Okadome et al.[122] were employed in this study. A trigger force was set at 
0.02 N for 90% compression and at 0.005 N for 25% compression. A 100% value 
corresponded to an initial grain thickness. 
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4.3 Results and discussion 
4.3.1 Moisture content and head rice yield 
Table 4.1 shows moisture content (MC) and head rice yield (HRY) of uncooked rice 
obtained from various postharvest drying conditions. On average, the MC of all 
uncooked rice samples was about 8% (w.b.) and these results demonstrated that there 
was slightly variation in the MC of uncooked rice obtained from different drying 
treatment. However, it was obvious that the MC of all uncooked rice samples were not 
higher than the standard value. 
Based on the percentage of HRY, the experiments reveal that the HRY of sun drying 
treatment and hot-air drying at 40 °C were not significantly different. However, in hot-
air drying treatments, the HRY decreased significantly with increasing drying 
temperature. This result agrees well with the effect of drying temperature on head rice 
yield that reported by Wongpornchai et al.[27] and Iguaz et al.[96] The apparent decrease 
in HRY might be due to fissures formation in rice kernels.[31, 96] The formations are 
based on the reaction of rice kernels to tensile stress (near the surface) and compressive 
stresses (close to the center) due to moisture gradients within the kernel.[31, 123] These 
kind of stress are therefore depended on the rate and amount of moisture removed 
during drying.[96] In this study, for all five drying conditions, the initial moisture content 
of wet paddy was started at the same value (∼ 25% w.b.); therefore, the drying rate 
which was directly affected by the drying temperature has been shown to be the 
dominant factor for fissure formation after drying. In this study, the percentage of HRY 
decreased approximately 35% with increasing drying temperature from 40 °C up to 
115 °C. Cnossen et al.[31] and Siebenmorgen et al.[124] also reported that the low 
percentage of HRY and high proportion of fissured kernels were observed when 
increasing drying temperature and moisture removal rates. However, contrast results 
have been reported by Jaisut et al.[114] and Jaiboon et al.[101], their results indicated that a 
higher HRY was noted as the drying temperature increased. Inprasit and Noomhorm[25] 
explained that the gradual reduction in grain temperature, which occurred on high grain 
temperature (> 60 °C) during drying followed by tempering produced higher HRY due 
to the decrease in stress within the rice grain and partial gelatinization of starch granules. 
Therefore, the higher degree of gelatinization the larger amount of HRY, the gelatinized 
starch helped joining cracks inside the kernels and made the grain stronger.[25, 114, 125] 
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Nevertheless, those studies were conducted in fluidized bed drying which has provided 
the ability to produce dried rice samples with high degree of gelatinization. Whereas, in 
this study, the gelatinization of starch was not detected in any of the drying conditions, 
according to the values of gelatinization enthalpy changes (ΔH1) in Table 4.2; thus, 
there was no gelatinized starch to help joining cracks inside the kernels. 
Table 4.1 Drying conditions applied for paddy and drying time required for each 
condition to obtain the resulting final moisture content (MC) of polished rice and head 
rice yield (HRY). 
Drying condition Drying time (min) MC (%) HRY (%) 
Sun drying 
Hot-air drying, 40 °C 
Hot-air drying, 65 °C 
Hot-air drying, 90 °C 
Hot-air drying, 115 °C 
420 
350 
75 
50 
39 
8.35 ± 0.08b 
8.40 ± 0.03b 
7.56 ± 0.09d 
7.96 ± 0.08c 
8.70 ± 0.05a 
65.73 ± 3.25a 
65.66 ± 2.30a 
51.27 ± 2.53b 
38.17 ± 2.90c 
30.04 ± 2.68d 
Values of MC and HRY are mean ± SD (n = 3). Different letters in the same column mean that the values 
are significantly different (P < 0.05). 
 
4.3.2 Microscopy image 
After visual observation of uncooked rice kernels, very few surface cracks and internal 
fissures were discovered on rice kernels obtained from four drying condition, i.e. sun 
drying and hot-air drying at 40, 65 and 90 °C (Figure 4.1A). This behavior may be due 
to the fact that most of the fissured kernels are broken during the milling process. On 
the other hand, fissured kernels were particularly found in the highest-temperature hot-
air drying condition, i.e. drying at 115 °C (Figure 4.1B). In this treatment, most of the 
fissured kernels are also broken during the milling process, as indicated by the lower 
percentage of HRY. However, due to a large number of fissured kernels and different 
types of cracked kernels, some amounts of these kernels did not break in the milling 
process but remained as head rice. As can be seen in microscopy image, large internal 
fissures usually found to be perpendicular to the long axis of the kernel. These 
transverse lines of fissures were randomly appeared inside the rice kernels. 
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Figure 4.1 Microscopy images on lateral side of uncooked rice kernels obtained from 
different drying conditions. Unfissured kernels obtained from sun drying and hot-air 
drying at 40, 65, and 90 °C (A); and fissured kernels, particularly obtained from hot-air 
drying at 115 °C (B). Scale bar shows 5 mm. 
4.3.3 X-ray diffraction (XRD) patterns 
XRD patterns of rice flour obtained from uncooked rice and cooked rice are shown in 
Figure 4.2. All uncooked rice samples (Figure 4.2A) exhibited strong diffraction peak at 
2θ with values of around 15.19°, 17.14°, 18.16° and 23.03°. These observed peaks 
indicated that the starch granule of uncooked rice sample exhibited as typical A-type 
pattern. This type of starch crystalline structure is generally observed in native cereal 
starches by XRD.[126] However, after cooking, the XRD pattern of all cooked rice 
samples formed new crystalline structures (Figure 4.2B). All cooked rice samples 
showed the diffraction peaks at 2θ with values around 13.7°, 17.45°, 20.74° and 22.38°. 
The diffraction at 17.45° in 2θ indicated the B-type signature of starch crystalline 
structure. Moreover, the diffractions at 13.7° and 20.74° in 2θ indicated the Vh-type 
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signature of starch crystalline structure. Therefore, a conclusion that may be drawn from 
the results is that the XRD pattern of all uncooked rice samples exhibited as the A-type 
starch crystalline structure; however, all cooked rice samples exhibited as a mixture 
between the B-type and Vh-type starch crystalline structure. In this study, the 
interactions of starch with other components during cooking are believed to influence 
the changes in rice starch crystalline structure. Generally, amylose can form inclusion 
complexes with lipids existing inside or at the surface of rice kernels during cooking.[39, 
126] Monoacyl lipids (i.e. fatty acids and phospholipids) are main starch lipids that 
typically associated to the formation of the helical inclusion complex between amylose 
and hydrocarbon chain of the lipids.[90] Moreover, the formation of amylose-lipid 
complexes have been reported as an indicator of the presence of enzyme-resistant starch 
and the XRD measurements of these complexes gave a Vh-type crystallinity.[39, 46] In 
addition to the amylose-lipid complexes, retrogradation of starch gels at room 
temperature after cooking resulted in the formation of starch crystallites that have an 
XRD pattern as the B-type configuration.[39, 127] The B-type crystalline structure has also 
been reported to be more resistant to enzyme hydrolysis when compared to A-type 
starch.[126]  
     
 
Figure 4.2 X-ray diffraction patterns of uncooked rice (A) and cooked rice (B) obtained 
from paddy treated with different postharvest drying conditions (sun drying and hot-air 
drying at 40, 65, 90 and 115 °C). 
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Table 4.2 X-ray diffraction results of uncooked and cooked rice obtained from paddy 
treated with different postharvest drying conditions. 
Sample Drying condition Crystal pattern and degree of crystallinity (%) 
A B Vh 
Uncooked rice 
 
Sun drying 
Hot-air drying, 40 °C 
Hot-air drying, 65 °C 
Hot-air drying, 90 °C 
Hot-air drying, 115 °C 
39.51 
38.22 
38.03 
36.28 
37.51 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
Cooked rice 
 
Sun drying 
Hot-air drying, 40 °C 
Hot-air drying, 65 °C 
Hot-air drying, 90 °C 
Hot-air drying, 115 °C 
ND 
ND 
ND 
ND 
ND 
1.88 
1.93 
1.90 
2.27 
2.00 
2.63 
2.70 
2.82 
2.82 
2.73 
ND = not detected. 
 
Generally, the native starch granule is a partially crystalline polymer system with about 
15 to 45% crystallinity.[128] Degree of cystallinity (DC) of rice flour obtained from 
uncooked rice and cooked rice are shown in Table 4.2. In this study, the DC of 
uncooked rice samples were taken place in the range of 36.28 to 39.51%. Uncooked rice 
obtained from the sun drying showed a greater DC than that obtained from hot-air 
drying. In hot-air drying, results further demonstrated that a slightly decrease in DC of 
uncooked rice was observed after increasing drying temperature and the drying at 90 °C 
showed the lowest DC value. These results agree well with the results published by 
Setiawan et al.[129], their results indicated that corn starch obtained from sun drying at 
35 °C showed a higher DC than that obtained from machine drying at 80 °C. After hot 
air drying at higher temperature, the DC of the uncooked rice samples relatively 
decreased, indicating that drying could partially disrupt the crystalline structure. In 
addition to the disruption of crystalline structure, in rice grain, enzymes are usually 
present not only in embryo or aleurone layer but also in endosperm, and they retain 
significant activities after harvest.[130] During storage, amylases attack the long branch-
chains amylopectin and reduce the molecular weight of the amylopectin; and 
consequently, the reduction in molecular weight accelerate crystallization of the rice 
starch.[40] In this study, the greater DC was also believed to be caused by endogenous 
amylase and/or amylases of contaminating microorganism present in the sun dried 
sample. Generally, temperature and processing time play an important role in the 
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inactivation of enzyme.[131] In sun drying treatment, the sample was exposed to sunlight 
and the average drying temperature was only ∼26 °C; and therefore, the enzymes may 
not be destroyed at this temperature. However, most of the amylases were inactivated 
after drying at higher temperature, resulting in lower DC value. After cooking, total DC 
of cooked rice samples ranged between 4.51 and 5.09%. It was obvious that the DC of 
cooked rice samples were extremely lower than that obtained from uncooked rice 
samples. This behavior due to the fact that during the starch gelatinization process, the 
molecular order of starch granules are irreversible destroyed and the starch granules lose 
their crystallinity by melting of the starch crystallites.[128] In comparison, the data 
indicated that the DC of cooked rice sample was different in both the B-type and Vh-
type crystallites. Compared to sun drying condition, all samples obtained from hot air 
drying have slightly higher crystallinity. The cooked rice obtained from hot air drying at 
90 °C had the highest DC, whereas the sample obtained from sun drying had the lowest 
value.  
4.3.4 Thermal analysis 
Typical DSC thermal curves of uncooked rice samples are shown in Figure 4.3 and the 
data of transition parameters for rice starch samples are summarized in Table 4.3. In this 
study, all rice samples exhibited two endotherms of which one was below and one 
above 90 °C. The first large endotherms occurred at peak temperature (Tp1) of around 
78 °C with corresponding transition enthalpy of 11.90 to 13.72 J/g. These endothermic 
peaks could be attributed to the melting of original starch crystallites and gelatinization 
of the raw rice starch. In addition to the gelatinization of rice starch, the DSC thermal 
curves also showed second endotherms at peak temperature (Tp2) of around 95 °C. 
These endothermic peaks have been attributed to the transitions of amylose-lipid 
complexes.[46, 90, 132, 133] Normally, the melting temperatures of various amylose-lipid 
complexes were given in the range of 78 to 115 °C and the temperatures usually 
increased with the length of amylose chain.[134] The melting behavior of the amylose-
lipid complexes was also found to be dependent on the water content during 
calorimetry.[135, 136] Moreover, the amount and type of amylose-lipid complexes are 
strongly influenced by the type of lipids and the conditions during the formation.[133] 
Nowadays, it is well known that the formation of amylose-lipid complexes influences 
major phenomena of starches, i.e. rheological properties, solubility, swelling capacity 
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and susceptibility to enzymatic digestion.[108, 133, 137] In this study, the transition 
enthalpies of the second peak for all samples were varied in the range of 0.32 to 0.46 J/g. 
 
 
 
Figure 4.3 DSC thermograms of rice samples obtained from paddy treated with 
different postharvest drying conditions (sun drying and hot-air drying at 40, 65, 90 and 
115 °C). 
Tp1 Tp2 
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Table 4.3 Effects of postharvest drying conditions on differential scanning calorimetry characteristics of rice samples (means ± SD) 
To, onset temperature; Tp, peak temperature; Tc, completion temperature; ΔH, transition enthalpy. 
Drying condition First endothermic transition ΔH1 (J/g) Second endothermic transition ΔH2 (J/g) 
To1 (°C) Tp1 (°C) Tc1 (°C) To2 (°C) Tp2 (°C) Tc2 (°C) 
Sun drying 
Hot-air drying at 40 °C 
Hot-air drying at 65 °C 
Hot-air drying at 90 °C 
Hot-air drying at 115 °C 
72.92 ± 0.45 
73.15 ± 0.97 
72.95 ± 0.28 
73.14 ± 0.63 
72.97 ± 0.23 
77.81 ± 0.56 
77.71 ± 0.55 
77.56 ± 0.30 
77.91 ± 0.35 
77.81 ± 0.07 
82.89 ± 0.63 
85.21 ± 4.46 
84.33 ± 3.41 
83.55 ± 1.15 
82.85 ± 0.32 
12.70 ± 1.36 
13.08 ± 1.44 
11.90 ± 3.37 
12.25 ± 2.93 
13.72 ± 2.70 
92.85 ± 0.07 
92.74 ± 0.16 
92.75 ± 0.15 
92.77 ± 0.18 
92.90 ± 0.07 
94.28 ± 0.14 
92.23 ± 0.02 
94.65 ± 0.60 
95.09 ± 1.39 
94.29 ± 0.06 
97.01 ± 0.98 
98.63 ± 0.88 
98.45 ± 1.48 
98.81 ± 0.60 
98.49 ± 1.41 
0.32 ± 0.01 
0.37 ± 0.15 
0.38 ± 0.19 
0.46 ± 0.16 
0.41 ± 0.07 
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4.3.5 Firmness of cooked rice  
The textural properties in term of surface firmness and overall firmness of cooked rice 
treated with various postharvest drying conditions are presented in Figure 4.4. Cooked 
rice surface firmness values ranged from 0.79 to 0.85 N (Figure 4.4A), although the 
values were not significantly different. On the other hand, cooked rice overall firmness 
values ranged from 13.95 to 18.95 N (Figure 4.4B); moreover, the overall firmness 
value of cooked rice obtained from drying at 115 °C was significantly lower than that 
obtained from other drying treatments. According to the visual observation as shown in 
Figure 4.1, fissured kernel was not found in all samples, except for the treatment of 
drying at 115 °C. Consequently, the decreasing of overall firmness should be influenced 
by the amount of fissured kernels. The large internal fissures and surface cracks 
facilitated leaching process of amylose and low molecular weight amylopectin inside 
the grain[138] and this process also influenced on leached material increase during 
cooking.[119] The main proportion of the leached starch is the short-chain amylopectin 
and it is also acknowledged that amylose and short-chain amylopectin related to the 
cooked rice texture.[39] Therefore, cooked rice obtained from hot-air drying at 115 °C 
which lost large amounts of these components, resulting in its lower overall firmness. 
 
Figure 4.4 Surface firmness against 25% compression (A) and Overall firmness against 
90% compression (B) of cooked rice obtained from paddy treated with different 
postharvest drying conditions (sun drying and hot-air drying at 40, 65, 90 and 115 °C). 
Error bars represents standard deviation (n ≥ 10) and different letters indicate significant 
differences (P < 0.05). 
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4.3.6 Pasting properties of rice flour 
Recently, several studies have been reported that pasting behaviors are related to starch-
lipid complex formation,[139] differences in protein composition,[140] starch granule 
disruption, the leaching out of amylose into the solution,[141] the formation of starch 
protein network[142] and the rigidity of starch granules.[114] In this study, rice flour 
pasting properties, as impacted by the exposure of paddy to various drying conditions 
are presented in Table 4.4. Significant differences were observed, among the rice flour 
samples, in their behavior during heating and cooling in excess water. The results 
indicated that postharvest drying conditions altered all viscosity parameters of rice flour 
samples, except for breakdown viscosity and pasting temperature. Breakdown viscosity 
is usually associated with the ability of gelatinized starch granules to withstand heating 
and the shear stress[142] and this value also indicates the capacity of starch granules to 
rupture after cooking.[139] However, in this study, there was no significant difference 
between the breakdown viscosities. For pasting temperature, the values of pasting 
temperatures were given in a range of 80.13 to 81.78 °C. There was no significant 
difference on pasting temperature, except for the conditions of hot-air drying at 65 and 
90 °C. Rice flour obtained from hot-air drying at 90 °C showed the highest value of 
pasting temperature. Pasting temperature provided the information about gelatinization 
temperature, and resistance to swelling and rupturing.[141] Furthermore, Okuda et al.[143] 
also reported that pasting temperature of RVA testing is similar parameter to 
gelatinization temperature analyzed by DSC. In this study, the DSC analysis results 
demonstrated that the endothermic peaks of starch gelatinization of all rice samples 
were given in the range of 72.92 to 85.21 °C, which were in the same range as pasting 
temperature.  
The peak viscosity has been described as the property, which is often correlated with 
quality of final product and it also provides an indication of water binding capacity and 
viscous load of the starch.[140, 141] The higher peak and final viscosities are indications of 
greater values of kernel hardness, which is significantly correlated with better cooking 
quality.[144] In this study, according to the pasting behavior of rice flour samples, the 
results indicated that the drying treatments altered peak viscosity of the treated rice 
samples. However, there was no trend or randomly changing trend in these values. The 
highest value was obtained from the drying at 40 °C and the lowest value was found in 
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the drying at 115 °C. The change in peak viscosity was very complicate and the 
difference in this value was presumably due to a number of factors. Recently, the impact 
of various parameters affecting peak viscosity of starch paste has been report in the 
literature. Zhou et al.[90] stated that starch is generally considered as the most important 
constituent of rice in terms of pasting behavior and functionality. Moreover, it is well 
documented that the formation of amylose-lipid complexes also affects pasting behavior 
of starch.[137, 139] The presence of amylose-lipid complexes on the surface of starch 
granular could restrict the granular swelling and the leaching of amylose during 
gelatinization, which directly affects the pasting properties.[90, 145] In cereal starches, the 
formation of amylose-lipid complexes are shown to contribute to lower peak 
viscosity.[146] Apart from amylose-lipid complexes, the formation of starch-protein 
networks provide mechanical support for the starch granules and these network protect 
them against rupture, resulting in greater forces required to shear the slurry and 
consequently greater peak viscosity.[142] In addition, the gelatinization in rice flour has 
been reported as the factor reducing the peak viscosity.[114] In this study, the data 
obtained from the DSC thermogram demonstrated that postharvest drying conditions 
altered the total starch-lipid complexes formation in rice samples; and furthermore, the 
changes in TS of rice samples were also observed. Consequently, the differences in 
these two values could be attributed to the variability in peak viscosity of the rice 
samples. Nevertheless, it is still not clear which factor has a more pronounced effect on 
the peak viscosity of samples than the other. Moreover, others additional effects would 
hinder investigation of the influence of drying conditions on peak viscosity of the rice 
samples.  
The RVA results further demonstrated that trough viscosity, final viscosity and setback 
viscosity followed similar trend as the peak viscosity. The trough viscosity is a 
decreasing of hot paste viscosity under mechanical shear stress at a certain temperature. 
It is well known that the ability of a paste to withstand heating at high temperature and 
shear stress is an important factor in many food processes.[140, 141] The experimental data 
demonstrated that rice flour obtained from hot-air drying at 40 °C showed the highest 
trough viscosity value. The final viscosity usually used as parameter to determine the 
ability of starch-based materials to form a viscous paste or gel after cooking and cooling 
as well as the resistance of the paste to shear force during stirring.[141]  
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Table 4.4 RVA pasting properties of rice samples obtained from paddy treated with different postharvest drying conditions 
Values are mean ± SD (n = 3). Different letters in the same column mean that the values are significantly different (P < 0.05). PV, peak viscosity; TV, trough 
viscosity; BV, breakdown viscosity; FV, final viscosity; SV, setback viscosity; PT, peak time; Ptemp, pasting temperature. 
 
 
 
Drying condition PV (cP) TV (cP) BV (cP) FV (cP) SB (cP) PT (min) Ptemp (°C) 
Sun drying 
Hot-air drying at 40 °C 
Hot-air drying at 65 °C 
Hot-air drying at 90 °C 
Hot-air drying at 115 °C 
1692.7 ± 53.6c 
2041.7 ± 9.7a 
1624.0 ± 48.9c 
1892.0 ± 8.5b 
1334.3 ± 48.0d 
848.3 ± 14.5c 
1154.3 ± 24.9a 
774.3 ± 69.3c 
1033.7 ± 13.6b 
558.3 ± 11.7d 
844.33 ± 66.56a 
887.33 ± 34.43a 
849.67 ± 61.33a 
858.33 ± 8.50a 
776.00 ± 37.16a 
2912.0 ± 49.8c 
3568.7 ± 29.3a 
2511.7 ± 74.4d 
3247.0 ± 11.8b 
2058.7 ± 58.7e 
2063.7 ± 37.0c 
2414.3 ± 5.0a 
1737.3 ± 39.6d 
2213.3 ± 21.5b 
1500.3 ± 47.0e 
5.73 ± 0.00c 
6.00 ± 0.07a 
5.69 ± 0.04c 
5.87 ± 0.07b 
5.55 ± 0.04d 
81.55 ± 0.83ab 
80.47 ± 0.45ab 
80.13 ± 0.45b 
81.78 ± 0.45a 
81.53 ± 0.73ab 
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In this study, rice flour obtained from hot-air drying at 40 °C also showed the highest 
value of final viscosity. According to cooling period of the RVA test, the formation of a 
gel structure due to re-association between starch molecules was taken place and then 
the viscosity was increased to the final viscosity, this stage is referred as the setback 
region.[140] Normally, setback viscosity has been correlated with the starch 
retrogradation and this value can be used as an index of amylose content of starch.[147, 
148] After the RVA testing, in all postharvest drying treatments, the setback viscosity 
values were significant different. The drying method and drying temperature also 
altered the setback viscosity and it followed the same trend of peak viscosity as 
mentioned above. Several authors also reported the effect of drying conditions on the 
pasting behavior of rice. Jaiboon et al.[101] reported that peak viscosity of rice dried at 
110 and 130 °C and tempered for 0, 30 and 120 min were significantly lower than that 
obtained from shade drying.[101] Moreover, Wiset et al.[149] concluded that the drying 
temperature affected on the pasting properties of rice, the peak and breakdown 
viscosities were decreased with increasing drying temperature. 
4.4 Conclusion 
 The results shown in this study indicated that HRY significantly decreased with 
increasing drying temperature.  
 Fissured kernels were particularly found in the samples dried using hot-air 
drying at 115 °C. 
 The XRD pattern of all uncooked rice samples exhibited A-type starch 
crystalline pattern; however, all the cooked rice samples exhibited a mix of B-
type and Vh-type starch crystalline structure. 
 All rice samples exhibited two DSC endotherms of which one was below and 
one above 90 °C. The first large endotherm could be attributed to the melting of 
original starch crystallites and gelatinization of the raw rice starch. The second 
endotherm has been attributed to the transitions of amylose-lipid complexes. 
 The difference in surface firmness was not observed in cooked rice; however, 
overall firmness of cooked rice obtained from the drying at 115 °C was 
relatively lower than the other samples.  
 The drying conditions also altered all pasting properties of rice flour, except for 
breakdown viscosity and pasting temperature.  
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CHAPTER 5 
INFLUENCE OF POSTHARVEST DRYING CONDITIONS ON 
RESISTANT STARCH AND TOTAL STARCH CONTENT OF 
UNCOOKED AND COOKED RICE 
 
5.1 Introduction 
Resistant starch is a functionally important type of starch, found to be changed in 
cereals by several factors. In this study, fresh paddy was subjected to different 
postharvest drying conditions and these drying processes may alter the resistant starch 
content. Therefore, this chapter was undertaken to explore the effect of various 
postharvest drying conditions on resistant starch and total starch content of uncooked 
and cooked rice samples.  
5.2 Analysis methods 
5.2.1 Resistant starch content 
Resistant starch content (RS) was assayed using a resistant starch assay kit (K-RSTAR 
08/11, Megazyme International Ireland, Ireland). Briefly, before the analysis of RS, 
cooked rice samples were dried using a freeze dryer (FDU-1100; Eyela, Tokyo, Japan). 
All samples, approximately 50 g of uncooked rice and lyophilized cooked rice were 
milled using a grinding mill (NM-200; Nakasa, Osaka, Japan) and passed through 500 
µm sieves. The rice flour samples were transferred to a wide-mouthed plastic jar and 
mixed well by shaking and inversion. 
Quadruplicates of rice flour (100 mg) were weighed in screw-cap plastic test tubes. 
Samples were incubated in a shaking water bath with 4 ml of pancreatic α-amylase (10 
mg/ml) containing amyloglucosidase (3 U/ml) for exactly 16 hours at 37 °C. In order to 
terminate the enzymatic reaction, the mixtures were treated with 4.0 ml of ethanol (99% 
v/v), mixed on a vortex mixer and centrifuged at 1,500×g for 10 min. The supernatants 
were carefully decanted and the pellets were re-suspended in 4 ml of ethanol (50% v/v). 
The suspensions were mixed on a vortex mixer, added further 4 ml of ethanol, mixed 
and then centrifuged at 1,500×g for 10 min. The supernatant liquids were decanted and 
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collected. The re-suspension and centrifugation steps were repeated once more and then 
the supernatant liquids were combined. A magnetic stirrer bar and 2 ml of 2 M KOH 
were added into each test tube in order to re-suspended the pellets and dissolved the 
resistant starch. The test tubes were placed in an ice-water bath above a magnetic stirrer 
for 20 min. Each tube was then added with 8 ml of 1.2 M sodium acetate buffer (pH 
3.8). 0.1 ml of amyloglucosidase (3300 U/ml in soluble starch) was immediately added 
and the mixture was mixed well. The tubes were placed in a water bath at 50 °C for 30 
min with intermittent mixing on a vortex mixer. 
After incubation, the sample (contained more than 10% RS) was transferred to a 100 ml 
volumetric flask and adjusted volume to 100 ml with distilled water. The solution was 
centrifuged at 1,500×g for 10 min. On the other hand, sample which contained less than 
10% RS was centrifuged at 1,500×g for 10 min. The supernatant liquid (0.1 ml) was 
transferred into glass test tube and 3 ml of glucose oxidase plus peroxidase and 4-
aminoantipyrine (GOPOD) reagent was then added. The sample was incubated at 50 °C 
for 20 min. Finally, each solution was measured the absorbance at 510 nm against the 
reagent blank. 
5.2.2 Non-resistant (solubilized) starch content and total starch content 
The supernatant liquids obtained from the above step were combined, adjusted volume 
to 100 ml with 100 mM sodium acetate buffer (pH 4.5) and mixed well. Aliquot 
duplicates of 0.1 ml were incubated with 10 µl of dilute amyloglucosidase solution (300 
U/ml) in 100 mM sodium maleate buffer (pH 6.0) for 20 min at 50 °C. The sample 
tubes were added with 3 ml of GOPOD reagent and incubated for a further 20 min at 
50 °C. Each solution was measured the absorbance at 510 nm against the reagent blank. 
5.2.3 Calculation of resistant starch, non-resistant starch, and total starch 
Resistant starch content (RS), non-resistant starch content (NRS), and total starch 
content (TS) in % dry basis (d.b.) were thus calculated using the following equations. 
For RS in a sample contained more than 10%: 
RS = ∆𝐸𝐸 × 𝐹𝐹
𝑊𝑊
× 90     
For RS in a sample contained less than 10%: 
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RS = ∆𝐸𝐸 × 𝐹𝐹
𝑊𝑊
× 9.2     
For NRS: 
NRS = ∆𝐸𝐸 × 𝐹𝐹
𝑊𝑊
× 90     
The TS is the sum of RS and NRS: TS = RS + NRS     
where ΔE is absorbance (reaction) read against the reagent blank, F is conversion from 
absorbance to micrograms (the absorbance obtained for 100 µg of D-glucose in the 
GOPOD reaction is determined, and F = 100 (µg of D-glucose) divided by the GOPOD 
absorbance for this 100 µg of D-glucose, W is dry weight of sample, respectively. 
5.3 Results and discussion 
5.3.1 Resistant starch content 
Recently, resistant starches have been subdivided into four categories: type I is the 
physically protected form of starch and usually found in whole cereal grains, type II 
represents starch that is in a certain granular form and their compact structure limits the 
accessibility of enzymes, type III is retrograded amylose formed during cooling of 
gelatinized starch, and type IV represents modified starches that obtained by chemical 
treatments.[46] The resistant starch content (RS), non-resistant starch content (NRS), and 
total starch content (TS) of uncooked rice and cooked rice treated with different 
postharvest drying conditions are shown in Figure 5.1. In this study, the RS measured as 
the residue resistant to enzymatic digestion shows that RS of uncooked rice samples 
varied from 0.27 to 0.48% (d.b.) (Figure 5.1A); however, it was obvious that there was 
no significant difference. On average, the RS of all uncooked rice samples was 
generally low (less than 0.5% (d.b.)) compared with other cereals and legumes. The RS 
of uncooked rice corresponded to the results of Chung et al.[150] who stated that raw rice 
starches are usually contained less than 1% of RS. Generally, starch granules obtained 
from raw foods, which are resistant to digestion are categorized in resistant starch type 
II.[110] When the RS of uncooked and cooked rice from all treatments were compared, 
RS of cooked rice samples were significantly higher than that obtained from uncooked 
rice samples. From these results, it can be concluded that rice cooking resulted in 
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increasing of RS. Accordingly, the increasing of RS in cooked rice samples may be due 
to amylose retrogradation, which could be explained on the basis of resistant starch.[46, 
151, 152] Retrogradation has been attributed to the change that mostly occurs upon cooling 
and storage of gelatinized starch.[153] The increases in RS from retrograded rice starch 
after cooking also corresponded to the results obtained from XRD analysis, which 
indicated by the presence of B-type crystalline structure. Additionally, the increasing of 
RS in samples involved the formation of amylose-lipid complexes (indicator of enzyme-
resistant starch) of rice starch during cooking as evidenced by the X-ray diffraction 
pattern and the DSC thermogram. Consequently, the occurrence of resistant starch type 
III and the amylose-lipid complexes in cooked rice samples resulted in significantly 
higher RS compared with uncooked rice samples. This result agrees well with the study 
on effect of processing treatments on resistant starch content that reported by Eggum et 
al.[47]; Parchure and Kulkarni[151]; Mangala et al.[49] and Larsen et al.[52] 
The RS of cooked rice samples were taken place in the range of 0.97 to 2.66% (d.b.). 
Interestingly, RS of cooked rice obtained from sun drying treatment was significantly 
lower than that obtained from hot air drying treatment. In hot-air drying condition, 
results further demonstrated that a slightly increase in RS of cooked rice was observed 
after increasing drying temperature. According to this information, therefore, it can be 
seen that both drying method and drying temperature were found to be affecting RS of 
all cooked rice samples. There are three possible reasons for the alteration in RS of 
cooked rice. Firstly, the number of damaged starch granules in the raw starch, as 
mentioned previously, the attack of amylases on the starch granules during storage of 
rice, the number of damaged starch granules was larger in sample obtained from sun 
drying than that obtained from the others. The decrease in number of damaged starch 
was more pronounced in higher-temperature hot-air drying treatments. After cooking, 
the damaged starch granules provided more exposed internal structure, these starch 
granules were more susceptible to enzymatic hydrolysis; and therefore decreased the RS 
in cooked rice.[129] Secondly, the structure of amylose-lipid complexes in cooked rice, 
Kwaśniewska-Karolak et al.[154] stated that the susceptible to degradation of the 
amylose-lipid complexes during enzymatic digestion did not depend on its amount but 
probably on its structure, amylose-lipid complexes formed in starch with the less-
ordered crystalline structure are less resistant to enzymatic digestion. In this study, 
cooked rice obtained from sun drying had relatively lower value in Vh-type crystallites 
45 
 
than the other conditions, resulting in lower resistant to enzymatic digestion. Thirdly, 
the relationship between the DC of uncooked rice and the retrograded starch formed 
after cooking, the raw starch with higher DC provides structural stability and makes the 
starch granules more resistant toward the gelatinization.[22] As indicated above, resistant 
starch type III (retrograded amylose) formed during cooling of gelatinized starch; 
therefore, the lower the gelatinized starch the lower retrograded starch formed. 
According to the results of XRD, it was obvious that the higher DC of uncooked rice 
provided lower resistant starch type III as indicated by lower DC of B-type crystallites. 
Generally speaking, in hot-air drying at higher temperature (i.e. 90 and 115 °C), the 
lower number of damaged starch granules, the more-ordered crystalline structure of 
amylose-lipid complexes and the lower resistant toward gelatinization appear to 
facilitate the samples to produce starch with less exposed internal structure, and starch 
contained more Vh-type and B-type crystalline structures, leading to a more resistant 
property of the starch. 
5.3.2 Non-resistant (solubilized) starch content 
Non-resistant starch contents of uncooked and cooked rice treated with different 
postharvest drying conditions are presented in Figure 5.1B. The data presented in this 
figure shows that the NRS values of uncooked rice were varied in the range of 72.43 to 
77.45% (d.b.), and NRS values of cooked rice ranged from 73.56 to 80.07% (d.b.). 
Moreover, in all treatments, the NRS values of uncooked rice and cooked rice were not 
significantly different, except for hot air drying at 90 and 115 °C. For these two 
conditions, the NRS values in cooked rice sample were slightly higher than that 
measured in uncooked rice sample.  
5.3.3 Total starch content 
Total starch contents of uncooked and cooked rice treated with different postharvest 
drying conditions are presented in Figure 5.1C. The data presented in this figure shows 
that the TS values of uncooked rice were varied in the range of 72.74 to 78.08% (d.b.), 
and TS values of cooked rice ranged from 75.16 to 82.62% (d.b.), which are in 
agreement with the previous study.[36, 41, 51] Moreover, in all treatments, the TS values of 
uncooked rice and cooked rice were not significantly different, except for hot air drying 
at 90 and 115 °C. For these two conditions, the TS values in cooked rice sample were 
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slightly higher than that measured in uncooked rice sample. This behavior can be 
described base on the equation (6), in this study, the TS shows in Figure 5.1C was 
derived by adding RS and NRS of each sample. From Figure 5.1A, the generation of 
resistant starch in cooked rice obtained from hot-air drying at 90 and 115 °C showed the 
highest value (∼2%). In addition, the higher NRS values in cooked rice were also 
observed in these two conditions. Therefore, the higher amount of RS and NRS is 
possible to cause significantly different in the TS of cooked and uncooked samples that 
obtained from hot-air drying at 90 and 115 °C. 
 
 
Figure 5.1 Resistant starch content (A), non-resistant starch (B), and total starch content 
(C) of uncooked rice and cooked rice obtained from paddy treated with different 
postharvest drying conditions (sun drying and hot-air drying at 40, 65, 90 and 115 °C). 
Error bars represents standard deviation (n = 4) and different letters indicate significant 
differences (P < 0.05). 
 
47 
 
5.4 Conclusion 
 The RS of uncooked rice was not significantly different among the treatments.  
 The RS of cooked rice obtained from sun drying treatment was significantly 
lower than that obtained from hot-air drying.  
 The higher temperature in hot-air drying resulted in a slight increase in RS of 
cooked rice. 
 The NRS and TS values of uncooked rice and cooked rice were not significantly 
different, except for hot air drying at 90 and 115 °C. 
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CHAPTER 6  
IMPACT OF POSTHARVEST DRYING CONDITIONS ON IN 
VITRO STARCH DIGESTIBILITY OF COOKED RICE 
 
6.1 Introduction 
As mentioned earlier, investigation of the effects of postharvest drying conditions on the 
digestibility of cooked rice is still limited. Generally, the starch digestion rate can also 
be altered by thermal processing. In this study, fresh paddy was subjected to different 
drying temperatures. These processes may impact the digestion rate of cooked rice. 
Therefore, the objective of this chapter was to evaluate the in vitro digestibility of 
cooked rice as affected by the postharvest drying conditions.  
6.2 Analysis methods 
6.2.1 Kinetics of in vitro starch digestion 
In vitro digestibility with a two-stage model to simulate gastric and intestinal digestion 
of cooked rice was used in this study. The chemical conditions of digestion process was 
followed Tamura’s method.[53] Briefly, pepsin from porcine gastric mucosa (Activity of 
800-2,500 U/mg of protein, Sigma Aldrich, St Louis, USA) (0.24 g) was dispersed in 50 
ml gastric fluid buffer (adjusted pH to 1.2) by magnetic stirring for 10 min. This 
solution was called pepsin solution. Pancreatin from porcine pancreas (Sigma Aldrich, 
St Louis, USA) (0.2 g), invertase from baker’s yeast (Sigma Aldrich, St Louis, USA) 
(0.015 g) and Amyloglucosidase (Megazyme, Ireland) (4 ml) were added into 25 ml of 
intestinal fluid buffer (adjusted pH to 6.8). The dispersion was then stirred by a 
magnetic stirrer for 10 min. This solution was called intestinal enzyme solution. 
In order to obtain information on the effects of cooked rice grain structure against its 
digestibility, the cooked rice samples were prepared into two categories: intact grain 
sample as a non-destructive grain and slurry sample as a completely destructed grain. 
For the intact grain sample, in order to prepare the sample contains 4% total starch 
content, cooked rice (6.8 g starch containing) was weighed in a plastic mesh bag. The 
bag containing sample was then placed into a jacketed glass reactor. Water was filled 
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into the reactor until the total weight of sample equal to 170 g. For the slurry sample, 
cooked rice was weighed and added with water to reach 4% total starch content, and the 
mixture was homogenized using stick blender (THM310, Tescom, Japan) for 2 min. 
One hundred seventy grams of the slurry was then added to a reactor. In both intact 
grain and slurry samples, the reactor was connected to controllable temperature water 
bath and continuously agitated with a magnetic stirrer.  The temperature of the reactor 
was maintained at 37 °C and pH of the mixture was adjusted to 2.0 with 3 M HCl. 
Pepsin solution (19 ml) was then added to start the gastric digestion and pH was 
immediately adjusted to 1.2 with 0.5 M HCl. A liquid sample (0.5 ml) was taken from 
the reactor at intervals and place in centrifuge tube contained 3 ml of 95 % ethanol to 
terminate enzyme reactions. After 30 min of pepsin adding, the pH was adjusted to 6.0 
with 3 N NaOH for inactivation of pepsin. Intestinal enzyme solution (23 ml) was then 
added to the reaction mixture to simulate the small intestine digestion; the pH was then 
adjusted to 6.8. Sample was maintained at 37 °C and the pH maintained at 6.8 ± 1 for a 
further 6 h. Samples (0.5 ml) were taken at intervals and place in a centrifuge tube 
contained 3 ml of 95 % ethanol. 
6.2.2 Glucose release measurements 
The glucose concentration of digestive fluid was measured after simulated digestion. 
Centrifugal tubes contained sample were centrifuged at 1,800 g for 10 min. The 
supernatants (0.1 ml) were poured in a test tube containing 0.5 ml invertase-
amyloglucosidase solution (pH 5.2). Samples were incubated in a water bath at 37 °C 
for 10 min. Aliquots (0.1 ml) were poured in test tubes and 3 ml of glucose oxidase plus 
peroxidase and 4-aminoantipyrine (GOPOD) reagent (Megazyme International Ireland 
Limited, Ireland) were then added. The mixtures were incubated for a further 20 min at 
50 °C. Each solution was measured the absorbance at 510 nm using a 
spectrophotometer (V-630 B10; Jasco, Tokyo, Japan) against the reagent blank. Results 
were expressed as percent starch hydrolysis using the following equation: 
%𝑅𝑅H = 𝑅𝑅h/𝑅𝑅i        
or 
%𝑅𝑅H = 0.9 × 𝐺𝐺p/𝑅𝑅i       
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where %SH is the percentage of starch hydrolysis, Sh is the amount of starch hydrolysed, 
Si is the initial amount of starch (g), and Gp is the amount of glucose produced (g). 
6.2.3 Estimated glycemic index 
A first order equation was used to describe the kinetics of starch hydrolysis for 
intestinal digestion[40]: 
𝐶𝐶 = 𝐶𝐶∞(1 − 𝑒𝑒−𝑘𝑘𝑘𝑘)       
where C is the percentage of starch hydrolysis at time t, C ͚ is the equilibrium 
concentration, k is the kinetic constant and t is the digestion time (min).  
The parameter C ͚ and k were estimated using SigmaPlot (version 10, Systat Software, 
Inc., USA) for each treatment. The hydrolysis curve area (AUC) was calculated using 
the following equation: 
AUC = 𝐶𝐶∞(𝑡𝑡f − 𝑡𝑡0) − (𝐶𝐶∞/𝑘𝑘)(1− exp�−𝑘𝑘(𝑡𝑡f − 𝑡𝑡0)�)   
where tf  is the final time (360 min) and t0 is the initial time (0 min). 
A hydrolysis index (HI) is defined as the area under the hydrolysis curve of the sample 
divided by the corresponding area of white bread. Estimated glycemic index (eGI) was 
then calculated using the following equation[40]: eGI = 39.71 + (0.549HI)  
6.3 Results and discussion 
6.3.1 In vitro starch digestibility of cooked rice 
Figure 6.1 displays the starch hydrolysis patterns during simulated gastrointestinal 
digestion of cooked intact grains treated with various postharvest drying conditions. In 
simulated gastric digestion stage (G-stage), almost 0 % of starch hydrolysis was found 
due to the absence of amylases in pepsin solution. The hydrolysis pattern during the G-
stage agreed well with several previous works [43, 44, 53]. The starch of intact rice sample 
obtained from sun-drying treatment showed relatively higher hydrolysis rate than the 
hot air drying process. In hot air drying treatment, the hydrolysis rate of cooked rice 
decrease with increasing drying temperature from 40 to 90 °C and the slowest 
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hydrolysis rate was found when using hot air drying at 90 °C. In this study, however, 
the hydrolysis rate of cooked rice obtained from drying at 115 °C was not followed the 
same behavior. At the first 150 min of the intestinal stage, the rate was lower than 
drying at 65 °C and 90 °C. After that, the rate was shifted to higher than the drying at 
65 °C and 90 °C until the final stage of the digestion. 
According to the visual observation of uncooked rice kernel (Figure 4.1), in this study, 
the internal fissures was not found in all rice kernel samples except for high temperature 
hot air drying condition, i.e., drying at 115 °C. Drying temperature is one of the factors 
which influence rice fissuring and amount of fissured kernels increases with the 
temperature [31, 96]. These observed internal fissures might be associated with the voids 
formation and changes in rice grain structural characteristics after cooking. During 
cooking, the voids were generated inside cooked rice by cooking water adsorption and 
these voids also associate with material leaching to cooking water [119]. Consequently, 
the voids appeared in the cooked rice may be facilitate enzymatic reaction inside the 
cooked rice grain. Therefore, to clarify effect of cooked rice grain structure on its 
digestibility, simulated in vitro digestion of slurry samples were observed and showed 
in Figure 6.2. 
During simulated small intestinal digestion (I-stage), the intact grain samples (Figure 
6.1) showed relatively lower hydrolysis rate than the slurry samples (Figure 6.2) as 
indicated by the slope of the hydrolysis curves. The hydrolysis time required to reach 
the plateau (maximum hydrolysis) of slurry samples was approximately 30 min of I-
stage (Figure 6.2), but the maximum value at each drying condition was different. At 
that time, the percentage hydrolysis of intact grain samples was only 20 % (Figure 6.1). 
The intact grain samples were hydrolyzed more slowly and they were reached a plateau 
after 360 min of the I-stage. The grain surface material of intact grain samples must be 
acted as a barrier to protect starchy materials in its endosperm from the penetration of 
digestion fluid, however, surface area of slurry cooked rice was greater than those of 
intact sample lead to large increase in enzymatic digestion [53]. Thus, the initial 
hydrolysis rate of intact grain samples was obviously lower than that observed in the 
slurry samples. 
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Figure 6.1 Changes in starch hydrolysis (%) of intact grain cooked RD31 rice treated 
with different postharvest drying treatments (sun-drying, and hot air drying at 40, 65, 90 
and 115 ºC) during simulated in vitro starch digestion. G stands for simulated gastric 
digestion stage and I stands for simulated small intestinal digestion stage. Error bars 
represent standard deviation (n=4). 
 
Figure 6.2 Changes in starch hydrolysis (%) of slurry cooked RD31 rice treated with 
different postharvest drying treatments (sun-drying, and hot air drying at 40, 65, 90 and 
115 ºC) during simulated in vitro starch digestion. G stands for simulated gastric 
digestion stage and I stands for simulated small intestinal digestion stage. Error bars 
represent standard deviation (n=4). 
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The rate and extent of starch hydrolysis curve were different among the postharvest 
drying treatments. However, in both hydrolysis patterns of intact grain and slurry 
samples still showed the same order except for the sample obtained from drying at 
115 °C. As mentioned above, in intact grain sample, at the first 150 min of the intestinal 
stage, the sample obtained from drying at 115 °C had lower hydrolysis rate than drying 
at 65 °C and 90 °C. After that, the rate was shifted to higher than the drying at 65 °C 
and 90 °C until the final stage of the digestion. However, in slurry samples, after the 
complete destruction of the grain structure, the hydrolysis rate was lower than the 
drying at 65 °C and higher than the drying at 90 °C throughout the intestinal digestion. 
Base on this information, it was clear that the voids appeared in intact grain cooked rice 
sample obtained from the drying at 115 °C facilitate enzymatic reaction inside the 
cooked rice grain, as indicated by the differences in the order of starch hydrolysis rate 
between intact grain sample and slurry sample.  
According to the hydrolysis curve of the slurry samples, among hot air drying 
treatments, the hydrolysis rate of cooked rice decrease with increasing drying 
temperature. This implies that amount of enzyme-resistant starch was increased in 
higher drying temperature. However, the hydrolysis rate of cooked rice obtained from 
the highest drying temperature, i.e., drying at 115 °C was not followed the same 
behavior, the rate was higher than drying at 90 °C. These results agree well with the 
amounts of RS in cooked rice obtained from various postharvest drying conditions as 
previously presented in Figure 5.1A. 
6.3.2 Hydrolysis parameters and estimated glycemic index (eGI) 
The equilibrium concentration of hydrolyzed starch (C ͚), kinetic constant (k), hydrolysis 
index (HI) and estimated glycemic index (eGI) for intact grain and slurry cooked rice 
samples treated with different postharvest drying treatments during simulated in vitro 
starch digestion process are shown in Table 6.1. The experimental starch hydrolysis 
data were reasonably described by an equation of Goni et al.[40] as indicated by high 
value of R2 and low in the value of standard error of estimate (SEE). In this study, the k 
values of slurry samples were about 30 times larger than that obtained from intact grain 
samples. These result indicated that particle size of cooked rice was influenced the 
starch hydrolysis rate and therefore, mastication or degree of chewing might alters the 
kinetics of starch digestion of cooked rice. For intact grain samples, the C ͚, HI and eGI 
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of cooked samples were in the range of 70.95 % to 100.99 %, 62.16 to 72.40, and 73.83 
to 79.46, respectively while, in slurry samples, these were in the range of 70.23 % to 
82.34 %, 81.58 to 95.78, and 84.49 to 92.29, respectively. Both C ͚ and k parameters 
obtain from the equation affected on the HI and eGI value, there was a positive 
correlation between these parameters and the value of HI and eGI [114]. Numerically 
results in Table 6.1 were also presented the effect of postharvest drying condition on the 
rate of in vitro starch digestion of cooked rice, the same behavior in both intact grain 
and slurry samples were found, all cooked rice samples obtained from hot air drying 
treatment showed relatively smaller value of C ͚, HI and eGI than that samples obtained 
from sun-drying treatment. In hot air drying treatment, there was a negative correlation 
between eGI and the drying temperature, eGI of cooked rice decrease with increasing 
drying temperature from 40 to 90 °C and the slowest eGI was found at the condition of 
90 °C. This phenomenon might be explained based on thermal history of rice grain, 
because paddy with high moisture content was exposed to different drying temperatures 
in this study. Chung et al.[38] reported that thermal history and crystalline morphology 
affected the digestibility of starch. Moreover, Jaisut et al.[114] also reported that drying 
temperature had significant effect on glycemic index of brown fragrant rice. In this 
study, however, the highest drying temperature condition did not show the slowest eGI 
values, the digestibility of cooked rice obtained from drying at 115 °C was not followed 
the same order, the eGI was higher than the sample obtained from drying at 90 °C. This 
increase in enzymatic digestion of starch should be due to changes in RS of cooked rice 
obtained from various postharvest drying conditions (Figure 5.1A). The RS of cooked 
rice treated with hot air drying at 115 °C was lower than that obtained from 90 °C, 
therefore, RS, changed by drying condition, had an obvious impact on starch 
digestibility and on the eGI value of cooked rice sample during in vitro starch digestion. 
In addition, the correlations of resistant starch content (RS) of cooked rice and estimated 
glycemic index (eGI) of both intact grain and slurry cooked rice samples were also 
carried out using Pearson correlation analysis. The Pearson correlation coefficients and 
the significances of the correlation coefficients (P-value) are shown in Table 6.2. High 
negative correlations were obtained between RS of cooked rice and eGI of both intact 
grain and slurry samples and these two correlations were statistically significant (P < 
0.05). These data further demonstrated that the increase of RS in cooked rice leads to 
the reduction of starch digestibility and eGI value. 
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Table 6.1 Kinetics of starch hydrolysis, equilibrium concentration of hydrolysed starch (C ͚), kinetic constant (k), hydrolysis index (HI), and 
estimated glycemic index (eGI) for intact grain and slurry cooked rice samples treated with different postharvest drying treatments during 
simulated in vitro starch digestion process.  
Samples  Condition     C ͚ (%)       k (min-1)  R2 SEE      HI      eGI 
   Sun-drying  100.99±4.41a  0.00645±0.00064a 0.98 4.19 72.40±0.24a 79.46±0.13a 
   Hot air drying, 40 °C 94.26±6.30ab  0.00705±0.00007a 0.99 3.55 70.56±4.40ab 78.45±2.42ab 
Intact grain  Hot air drying, 65 °C 74.90±4.13b  0.01040±0.00226a 0.99 3.17 64.53±1.04ab 75.14±0.57ab 
   Hot air drying, 90 °C 70.95±3.64b  0.01075±0.00106a 0.98 3.61 62.16±1.28b 73.83±0.70b 
   Hot air drying, 115 °C 93.64±10.02ab 0.00645±0.00134a 0.98 3.99 66.51±0.46ab 76.23±0.25ab 
   Sun-drying  82.34±2.24a  0.27735±0.04391a 0.94 7.16 95.78±2.45a 92.29±1.35a 
   Hot air drying, 40 °C 80.74±2.19ab  0.16475±0.00064a 0.92 8.48 93.28±2.53ab 90.92±1.39ab 
Slurry   Hot air drying, 65 °C 77.61±1.98abc  0.34215±0.06937a 0.95 6.24 90.45±2.16abc 89.37±1.18abc 
   Hot air drying, 90 °C 70.23±3.85c  0.25465±0.07785a 0.88 9.10 81.58±4.18c 84.49±2.29c 
   Hot air drying, 115 °C 72.46±0.56bc  0.26440±0.03592a 0.96 5.30 84.24±0.52bc 85.95±0.29bc 
For each sample row, different letters in the same column mean that the values are significantly different (P < 0.05) 
C ͚, equilibrium concentration of hydrolyzed starch; k, kinetice constant; SEE, standard error of estimate; HI, hydrolysis index; eGI, estimated glycymic index 
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Table 6.2 Correlation of resistant starch content (RS) of cooked rice and estimated 
glycemic index (eGI) of intact grain and slurry cooked rice samples. 
Relationship Pearson correlation P-value 
RS and eGI of intact grain 
RS and eGI of slurry 
-0.756 
-0.741 
0.011 
0.014 
 
 
6.4 Conclusion 
 The results indicated that the cooked rice obtained from hot air drying treatment 
had relatively lower HI and eGI than the rice sample treated with sun drying 
treatment.  
 During hot air drying, the eGI of cooked rice decreased with increasing drying 
temperature, except for the temperature of 115 °C due to the changes in RS 
content.  
 The results confirmed that the cooked rice digestibility is influenced by 
postharvest drying conditions.  
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CHAPTER 7 
GENERAL DISCUSSION 
 
About 18 million people around the world die every year from cardiovascular disease, 
for which diabetes and hypertension are main predisposing factors.[155] Diabetes 
mellitus is one of the most common chronic diseases in many countries. According to 
the estimated number of people worldwide with diabetes for the years 2010 and 2030, 
there will be a 69% increase in number of adults with diabetes in developing countries 
and a 20% increase in developed countries.[156] Especially in Asia, the proportions of 
people with type 2 diabetes and obesity have increased.[157] Moreover, prevalence of 
type 2 diabetes has rapidly increased in both native and migrant Asian populations.[158] 
Finally, diabetes is being recognized as a global epidemic with the potential to cause a 
worldwide healthcare crisis. The risk factors for type 2 diabetes depend on lifestyle 
characteristics such as obesity, physical activity, smoking, and dietary factors. Recently, 
the quality of carbohydrates has been more interested because it can influence the 
digestion rate and therefore blood glucose response.[159] Evidence from many metabolic 
studies also indicates that that food sources of carbohydrate vary greatly in their rate of 
absorption and effects on blood glucose and insulin concentrations.[160] Nowadays, rice 
is grown worldwide and provides food for more than half of the world’s population, 
particulary in Asian counties. Polished rice (white rice) is produced through dehusking 
and milling processes, and it is the major type of rice consumed worldwide.[161] 
Nevertheless, from a public health point of view, various findings suggest that regular 
consumption of white rice is associated with a significantly elevated risk of type 2 
diabetes.[161, 162] Moreover, both metabolic and epidemiologic evidence suggests that 
replacing high-glycemic index carbohydrates with low-glycemic index carbohydrates 
will reduce the risk of type 2 diabetes.[160] Consequently, the primary concern of this 
research was to determine the relationship between postharvest drying treatment of 
fresh paddy and the digestive properties of cooked rice. Although this study focuses on 
digestibility and glycemic index of cooked rice, other aspects of rice such as fiber and 
micronutrient may also have important health and should be considered in making 
decisions about diet. According to the results in the current study, it was found that the 
in vitro starch digestibility and estimated glycemic index (eGI) of cooked rice was 
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altered by the postharvest drying treatments. The mechanisms that lead to the alteration 
of cooked rice digestibility were found to be mainly related to the changes in RS content, 
resulting from the damaged starch granules in the raw starch, the structure of amylose-
lipid complexes, and the retrograded starch formed after cooking as estimated by XRD 
and DSC. Although these in vitro results cannot be extended directly or fully to in vivo 
conditions, they provide relevant evidence suggesting that the postharvest drying 
conditions impact the digestibility and eGI of cooked rice. Therefore, the significance of 
the relationship found in this study is that it may inform an understanding of the 
alternative ways to produce lower-glycemic index white rice by controlling postharvest 
drying treatment. A good understanding of these fundamental is essential for improving 
the quality and safety of rice for human consumption.  
Most research on the effects of drying on cooked rice digestibility has conducted on re-
moistened rice sample. However, the strength of the current study is that the sample was 
freshly-harvested paddy; therefore, such information accurately reflects the potential 
impacts of postharvest drying treatment on rice. The current study was subject to a few 
limitations as well. Firstly, in terms of the starch hydrolysis patterns during in vitro 
digestion of cooked intact grain samples (Figure 6.1), attention needs to be paid more 
on the final maximum hydrolysis rate. In all conditions, hydrolysis curves seem to have 
not completely reached the plateau (maximum hydrolysis) after 360 min of simulated 
intestinal digestion. Although modeling of the kinetics of starch hydrolysis has been 
applied and the experimental data were reasonably described by an equation of Goni et 
al.[40], more work should be conducted over a longer period of the digestion time to 
confirm that the observed effects are accurate. Secondly, the results of our study clearly 
showed that the alteration of cooked rice digestibility was found to be mainly related to 
the changes in RS content. In addition, as mentioned before, there are three possible 
reasons for the alteration of RS of cooked rice, i.e. the number of damage starch 
granules in raw rice starch, the structure of amylose-lipid complexes, and the 
retrograded starch formed after cooking. It is likely that two of these reasons may be 
attributed to the attack of amylases on the starch granules during the storage of rice. 
However, whether and how endogenous enzymes in rice endosperm change during the 
drying process remains an open question. Therefore, further research is required to 
evaluate the temperature distributions of rice grain during drying and the relationship 
between endogenous enzymatic activity and amount of damage starch granule in raw 
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rice starch. Although several researchers have been published the relationship between 
drying air temperature and rice grain temperature, the more experimental evidence is 
still needed to accurately elucidate the complex heat transfer between the grain and the 
drying air. Thirdly, it appeared from the results that postharvest drying conditions 
altered all RVA pasting properties of rice flour samples, except for breakdown viscosity 
and pasting temperature. However, it is still not clear which factor has a more 
pronounced effect on the pasting properties of the samples. Thus, further attention is 
needed to pay towards understanding the starch characteristics as well as the amylose-
amylopectin ratio in rice dried under different postharvest drying conditions. Finally, 
the cooking and eating quality of rice are very important. In contrast to other cereals and 
legumes, rice is usually consumed as a cooked grain.[53] Generally, the eating quality of 
cooked rice depends on individual preference. Consumers from different regions prefer 
different cooked rice properties (i.e. aromatic, sticky, firmness). Moreover, this quality 
is also affected by various factors such as the physicochemical properties, drying, 
storage conditions, processing factors and cooking methods.[163] To meet consumer 
needs for rice with specific sensory attributes, further investigation should be carried out 
on the effects of drying conditions on such sensory quality parameters.  
On an industrial point of view, basic requirements for drying are an achievement of a 
reasonable drying time leading to a product of acceptable quality and minimizing 
operating costs. In this study, newly harvested non-waxy long-grain rice, with an initial 
moisture content of approximately 25% (w.b.), was subjected to hot air drying at a 
temperature ranging between 40−115 °C and to sun drying. The results showed that the 
expected final moisture content for rice after drying (MC < 14% w.b.) can be achieved 
by all tested drying conditions followed by tempering treatment. However, the final 
moisture content for all samples was in the range of 7.56−8.70% (w.b.), these MC 
values were somewhat lower than that standard value. Generally, the price that rice 
producers receive for their rice is highly sensitive to moisture level and other quality 
attributes. As a result, profitability is based on both mass yield and kernel integrity. 
Extra drying cost, loss of quality, and weight loss (loss of profit) are the main problems 
when paddy is dried too far. For this reason, accurate control of the MC after drying is 
recommended to maximize net value for rice price and minimizing the drying costs. 
Furthermore, the results indicated that the HRY were significantly related to the drying 
air temperature. Although drying at a lower temperature could maintain higher HRY, 
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the energy consumption of this condition may be higher with a longer drying time. 
From an energy point of view, the longer drying time and/or higher drying temperature 
resulted in the higher energy consumption. Therefore, further study is recommended to 
identify the appropriate drying temperature for faster and uniform drying of paddy to 
achieve better quality and reasonable energy consumption.  
From the results obtained in this study, it can be concluded that different drying 
conditions have a different impacts on the properties of both uncooked rice and cooked 
rice. The results of this study are also beneficial for the selection of  suitable postharvest 
drying condition that provides high milling quality, appropriate drying time, good eating 
quality, high RS content and lower digestibility of cooked rice. According to the results 
in this study, an appropriate postharvest treatment for Pathum Thani 80 (RD31) rice 
should be hot-air drying at a temperature not higher than 65 °C, with tempering process 
after drying.  
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